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ABSTRACT
Lanchman, Troy J. M.S.M.E., Department of Mechanical Engineering, Wright State University,
2019. Using CFD to Improve Off-Design Throughflow Analysis.

In turbomachinery design, complex internal flows give rise to significant losses and
blockage whose effects are difficult to properly analyze without detailed computational
fluid dynamics (CFD) methods or experiments. In a typical design method, CFD is used
in conjunction with simpler throughflow or cascade codes to hasten the process. However,
the lesser physical accuracy of the design codes demands the inclusion of models to improve the accuracy of the throughflow codes. This thesis aims to use CFD data to generate
improved loss and blockage models for a 2D compressor throughflow code by matching
throughflow data to CFD data using optimizations. This analysis gives insight into the connection between 3D flow features and design blockages and losses. This in turn forms the
foundation for the behaviors required in the models for shocks, separations, and tip clearance flows, the implementation of which will improve the physical accuracy of the design
code.
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Nomenclature
m

Mass flow rate (lbm/s)

mc

Corrected mass flow rate (lbm/s)

M

Mach number

P

Total pressure (psi)

s

Dimensionless arc length

S

Entropy (Btu/lbm - ◦ R)

T

Total temperature (◦ R)

U

Axial velocity (ft/s)

Acronyms
CFD

Computational fluid dynamics

DNS

Direct numerical simulation

LES

Large eddy simulation

RANS
SLC

Reynolds-Averaged Navier-Stokes
Streamline curvature

Subscripts
max

Maximum value

min

Minimum value

ref

Reference value
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Introduction
Turbomachinery flows include a host of complex flow features, making turbomachines
difficult to design and optimize. Furthermore, comprehensive and accurate analysis of
turbomachinery is costly. As a result, much of the turbomachinery design process uses
2D, inviscid simulations to iterate on a design. However, the complex flow physics are not
captured by these methods. In particular, transonic compressors contain flow physics that
vastly differ between different back pressures, making their behavior even more difficult to
capture for conditions other than the design point. Since full computational fluid dynamics
(CFD) simulations are costly, iterating on a design to determine off-design performance
using CFD methods is not feasible for many institutions. Thus, there is a clear need for
accurate off-design performance prediction capabilities in 2D inviscid compressor design
codes.
Using data from CFD simulations, additional models can be derived and included in
design codes to improve their ability to capture the key flow features in transonic compressor flow fields. These improved off-design models will in turn reduce the overall cost
of the design process by reducing the total number of iterative CFD simulations while increasing the number of 2D design code iterations. The speed of the design process will also
be improved as a result, leading to an increased ability to produce improved compressor
designs.
To this end, this thesis explores some relevant existing literature to explain the need
for improved modeling, along with past achievements and breakthroughs in the field. This
1

literature review is followed by a discussion of the methodology used to produce and analyze the CFD data, along with how this data will be used in models. Following a discussion
of the quality of the CFD data, some initial attempts at defining profile-based behavior of
flow quantities across speed lines are presented.

1.1

Scope

This thesis includes CFD data from key geometries, but implemented in such a way that
additional data for other geometries can be added in a modular way. A flow feature and
mesh resolution study is included, but is not comprehensive as it is not the main focus of
this thesis. Furthermore, this project does not aim to fully implement models. Due to time
constraints, defining behaviors of various profiles through the blade and over a speed line
will be the main interest. However, utilizing these profiles as starter profiles and initial
estimations of blockage and loss will yield improvements in the design process.

2

Literature Review
The focus of this thesis is dependent on the understanding of various physical phenomena, numerical analysis methods, and modeling methods. As such, this literature review
will focus on these same aspects of compressor design and analysis. First, general information, recent improvements, and other relevant information regarding computational
fluid dynamics methods will be presented. Throughflow code methods and their associated
models will follow. Next, the important flow features, loss sources, and design aspects of
transonic compressors will be presented, followed by a more in-depth explanation of this
thesis’ motivations and objectives.

2.1

Computational Fluid Dynamics

Computational fluid dynamics (CFD) have been an important tool in turbomachinery design since computer power improvements allowed their implementation and usage during
the late 20th century. Since then, the number of CFD codes has exploded with the dramatic
increase of computer performance, allowing for more complex flows to be simulated more
accurately [6, 7]. Whereas only simple turbomachinery flows were simulated with nascent
CFD codes, modern CFD codes allow the simulation of extremely complex large eddy
simulations (LES), full engine simulations, fully unsteady simulations, and other important
computationally intense calculations. While more recent developments in CFD codes have
improved the speed and accuracy of certain simulations, CFD methods are not without their
3

limitations and disadvantages.

2.1.1

Introduction to CFD Methods

CFD methods rely on the representation of partial derivatives as algebraic expressions.
Since the governing equations of fluid flow typically consist of multiple nonlinear partial
differential equations, representing them as systems of algebraic equations allows them to
be solved by numerical methods [6]. Simple methods used to discretize these governing
equations can be derived from Taylor Series or polynomial expansions. However, these
methods do not always perform well when applied to particularly complex higher order
and nonlinear equations. The resulting discretized equation can be expressed in a finite
difference or a finite volume representation. Finite volume representations are typically
more modular and easier to implement programmatically, making them commonly used in
CFD codes [6].
In addition to discretization methods, various solution methods also exist. Since the
discretized equations usually yield systems of algebraic equations, algebraic solution algorithms are necessary. For more complex flow problems, additional algorithms may be
necessary depending on the interaction or coupling of pressure, velocity, temperature, and
other flow variables. In many cases, these systems are solved iteratively, and complex solutions may require large amounts of computational time. While modern computers have
dramatically reduced the time required to solve many CFD problems, the newfound computational power is typically used to instead simulate even more complex flows. For example, early codes and computers may struggle to simulate any flows that include shocks,
whereas modern codes and computers can be used to simulate a full jet engine including
complicated shock systems and combustion effects [8].
In all cases, the goal of a CFD simulation is to acquire a reasonable solution to a flow
problem. In most cases, particularly the complex ones, this solution is not necessarily correct, and often will be quite different from experimental data. These results are anticipated,
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and despite this issue, CFD remains commonplace in industry. The disadvantages and underlying sources of these issues in CFD solutions are discussed at greater length later in
this section.
Turbomachinery flows are a very taxing class of problems for computers to solve. The
flow field is by nature fully enclosed, similarly to pipe or channel flow, which inherently
introduces some complexities involving pressure less important or not present in external
flows. In particular, compressors include many difficult to capture flow phenomena due
to the high blade rotational speeds, adverse pressure gradients, and often low-momentum
fluid. A more detailed explanation of the flow features in a transonic compressor is presented in Section 2.3.
Another important aspect of CFD is the (usually) necessary inclusion of turbulence
models. Since turbulent effects are present in many different flows, it is necessary to find
methods to approximate turbulent effects. Since turbulence in general yet eludes understanding due to its highly nonlinear behavior across a wide range of temporal and spatial
scales, approximations are usually implemented in the form of models. Models vary in
complexity with the simplest being a single algebraic equation, with the complex models
consisting of systems of nonlinear partial differential equations [6]. While many turbulence
models have been derived, only those most relevant to this project will be discussed here.
Some of the most widely used turbulence models are those derived using turbulent kinetic
energy. Of these, the k-ω model and its derivatives are commonly used for turbomachinery flows. This two equation model utilizes turbulent kinetic energy and the dissipation of
turbulent kinetic energy to provide the equations necessary to close a calculation for the
additional diffusion and convective effects introduced by turbulence.

2.1.2

Recent Improvements

Most modern improvements in CFD methodology aims to capitalize on the improvement
of computer power. Instead of simply reducing the computation time required to obtain
5

solutions, many CFD codes aim to include more accurate methodologies and algorithms
so that simulations can be made to approximate a wider breadth of flows [6]. In some
cases, the methods themselves were derived long before they were used in CFD calculations due to their complexity. Such methods include the commonplace Reynolds-Averaged
Navier-Stokes (RANS) methods, and the more complex direct numerical simulation (DNS)
methods.
RANS methods utilize the Reynolds-Averaged Navier-Stokes equations to solve typically turbulent flow problems when used in conjunction with a turbulence model. The
Navier-Stokes equations at their core are typically considered the governing equations of
fluid dynamics, and consist of a continuity equation, along with 3 momentum equations.
Energy and heat transfer effects can be captured by the addition of an energy equation.
The RANS equations are essentially the Navier-Stokes equations, but cast in a form that
uses averaged velocities and other quantities instead of local unsteady quantities [6]. The
result is a system of equations that includes multiple separated terms that include turbulence effects. These turbulent stress tensors are not typically able to be calculated directly
when solving the RANS equations, and require turbulence models to be approximated. The
RANS equations are commonly used in CFD due to their relatively acceptable computational cost, versatility, and the ability to combine them with a wide range of turbulence
models due to the RANS equations’ modularity.
Direct numerical simulations utilize the standard Navier-Stokes equations to simulate fluid flow without the use of a turbulence model. While the equations and numerics
in such a simulation aren’t excessively complex, the time and space scales required for
such a simulation made DNS methods largely unusable until modern supercomputers became available, and even now are still mostly applicable to only relatively simple canonical
flows. Without a turbulence model, the Navier-Stokes equations require the temporal and
spatial scales used in a given solution to be resolved enough to capture turbulence [6]. This
requires the solution grid to have average cell sizes smaller than the turbulent eddies present
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in the flow field, and the time step taken to be small enough to properly resolve the changes
in these eddies [6]. Due to the massive number of cells required in the grid and the large
number of time steps typically required, this method is limited to use on only very powerful computers. While computer performance has improved exponentially within the past
40 years, DNS simulations are still considered prohibitively expensive due to the computer
resources necessary to produce meaningful results.
Since DNS simulations are still typically too expensive to run reliably, RANS methods
with turbulence models are still commonly used in industry and academia. As a result,
turbulence models have seen some improvements to better capture turbulent effects while
being less expensive than DNS methods. However, other modern turbulence models start
with the standard Navier-Stokes equations and decrease the fidelity of the simulation to
decrease computational complexity.
Large eddy simulations are not a RANS-based turbulence model. Instead, they utilize
a spatial averaging approach in contrast to the RANS equations’ time-averaging approach
[6]. Spatial averaging removes the extremely small length scales present in DNS simulations, reducing the required grid size to obtain a meaningful solution and reducing the
computational complexity of the simulation. However, this type of simulation still requires
close consideration of the length scales present in the simulation since so-called ”large
eddies” can still be relatively small compared to the overall length scale of the problem.
LES, while less complex than DNS, can still be prohibitively expensive, particularly for
complex flows like those encountered in turbomachinery analysis and especially for design
processes.
A modern RANS-based turbulence model that has been gaining some attention over
the past decade or so is the second moment closure approximation. Using the turbulent
terms in the RANS equations, second moment-based equations are derived to attempt to
physically explain some of the driving physical phenomena behind turbulence. These equations still require additional models to achieve closure since manipulations of the turbulent
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terms from the RANS equations usually introduce more unknown variables without introducing the necessary number of known variables to reach closure [9]. These methods are
promising in that they utilize equations that maintain physical meaning to approximate turbulent effects. These methods are also typically less computationally expensive than methods like LES and DNS, though they still introduce much more computational complexity
[9]. In general, these more accurate methods are not mature enough to use in turbomachinery when cost is an important factor, and especially not when performing iterative design
simulations.
A promising method for turbomachinery, harmonic balance, was proposed in the early
2000s. This method utilizes spectral analysis to approximate time dependent effects without solving a fully time-dependent problem [10]. Using Fourier analysis, different harmonics of a steady state solution are solved through pseudotime marching separate steady state
simulations at different harmonics [10]. This type of simulation captures time-dependent
variations in the flow field that standard steady state methods cannot. However, they still
cannot capture all of the time-dependent effects in a given flow field. However, in turbomachinery flows, they do capture many of the unsteady effects that are considered important
such as shock propagation, vortex shedding, wake propagation, and variable blade loading.
Thus, harmonic balance methods are a promising means by which to include many important unsteady effects without the computational complexity of a fully time-dependent
simulation.

2.1.3

Harmonic Balance Methods

Harmonic balance at its core uses harmonics of a steady-state solution to include some unsteady effects in a given calculation. Thus, rather than being a time-domain solution method
where time is explicitly marched, harmonic balance methods are spectral or frequencydomain solution methods. In this section, a short summary of harmonic balance method
development for turbomachinery over the past 16 years is presented. These methods are
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then connected to the current work with a more detailed explanation of the methodology
implemented in LEO.
In 2002, Hall, Thomas, and Clark [10] presented a harmonic balance method to be applied to turbomachinery flows. This methodology was original simplistic and was mostly a
demonstration of the power of harmonic balance techniques and the promise they showed
with regard to capturing time-dependent effects. However, it was noted that harmonic
balance methods cannot be used to account for dynamic nonlinearities due to the small
disturbance assumption made to derive the method [11, 10]. In 2007, Hall and Ekici [12]
developed a faster harmonic balance approach for solving the Euler equations that employed a dual time-stepping technique. This technique marches the solution from time step
to time step, and uses pseudotime marching within each time step. In all cases, it was
shown that one major point of improvement in solution quality presented was the improved
capture of interactions between blade rows and wakes [11, 12, 13].

2.1.4

Limitations

While CFD methods are extensively used, they are not infallible. CFD methods have key
disadvantages that must be understood to properly use CFD methods. Additionally, CFD
methods are not universal. When certain CFD methods are applied to certain problems,
the resulting solution may not be accurate. In extreme cases, the solution may be entirely
wrong. Therefore, careful consideration of the problem at hand is necessary in determining
if CFD methods should be used and, if so, which methods should be applied.
An unavoidable issue that affects CFD is the introduction of numerical error. These
numerical errors arise from the discretization schemes used along with floating point precision errors from being solved on a computer. Errors arising from discretization schemes
appear in two flavors: numerical dispersion and numerical diffusion. Numerical dispersion is the tendency of the solution to oscillate around the actual solution. This is most
commonly present near peaks or discontinuities in the flow, particularly shocks. These
9

dispersive errors appear as a result of odd-ordered derivative discretization, which makes
the numerical solution overshoot and over-correct near large changes in certain flow variables. Numerical diffusion arises from even-ordered derivative discretization and results in
non-physical smoothing of the solution. The effects of numerical diffusion are similar to
the diffusive effects in a viscous simulation, and most commonly reduce the sharpness of
shocks. However, sometimes numerical diffusion is deliberately introduced to reduce the
effects of numerical dispersion by smoothing the overshoots present. While the previous
two errors are introduced by the discretization of the equations, floating point precision
(round-off) errors arise from the fact that a computer is calculating the solution. Computers, due to their electronic nature, cannot maintain infinite precision in numbers. The
highest numerical resolution commonly used is double precision, which usually results in
a number carried to approximately 16 decimal places, after which the number is rounded.
While the error introduced by floating point error is relatively small, it can cause some
issues where near-zero quantities are present. Higher precision floats are available for use,
though these can dramatically increase the time required to solve problems.
Another fundamental shortcoming of CFD is the fact that the solution must be evaluated on a discrete grid. Analytic solutions are defined over an infinitely divisible domain,
whereas the smallest division a CFD solution grid can be broken into is limited by the cell
size. The result is a CFD solution that may vary with the mesh on which the solution is
generated. As such, those working with CFD solutions often perform a mesh independence
study to show that a CFD solution is independent of the mesh on which it was run. However, even with extremely fine meshes, the fact remains that true discontinuities are never
shown as such in a CFD solution because the flow feature of interest being ”smeared” over
a discrete space due to the mesh cells.
The largest issue of CFD is the cost. Complex CFD simulations, especially high
accuracy ones, require a large amount of CPU time on powerful machines. As a result, the
temporal and monetary costs of CFD simulations can easily reach a runaway condition if
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a large number of CFD simulations are required. While costs are manageable for running
only a few simulations, design processes are often done iteratively, which would require
an often unsupportable amount of resources to be invested. Even when the CFD cases are
simplified, design processes can still require a large amount of resources to complete using
iterative CFD.

2.2

Streamline Curvature Methods

The key disadvantage to CFD methods is their relatively high cost, especially for complicated turbomachinery like transonic compressors. As such, CFD methods are typically
avoided during the initial design processes in industry to avoid unnecessary expenditures
on computational time. During design processes, throughflows solvers are typically favored despite their reduced accuracy. These methods typically investigate a meridional or
spanwise plane in a turbomachinery flow field and use streamline-derived methodologies
to obtain fairly accurate solutions in significantly less time than a comparable 3D CFD
simulation. However, throughflow design codes, like CFD, present their own fair share of
disadvantages and issues.

2.2.1

General Streamline Methods

While traditional CFD methods usually imply the usage of fully-viscous simulations of
the Navier-Stokes equations, modified or otherwise, streamline curvature methods are numerical methods that aim to solve the inviscid Euler equations. The Euler equations are
effectively the same as the Navier-Stokes equations, just with the diffusive effects due to
viscosity removed. This greatly reduces the problem complexity, and in some rare cases
allows for the use of analytic solutions for simple flows. In other cases, the Euler equations
can be used to define a flow on a streamline basis, providing a reasonably accurate inviscid
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solution for even complex flow fields.
In general, streamline curvature (SLC) methods are fundamentally similar to traditional CFD methods. The equations of fluid motion are still discretized, and a computer is
still used to solve the resulting system of algebraic equations. However, due to the lack of
viscous effects and the fact that streamline curvature methods are a 2D solution method, the
solution is obtainable much faster than fully-viscous 3D CFD. In addition, SLC methods
require far less grid resolution than viscous CFD due to the more forgiving length scales
involved, and the fact that no mixing takes place between the streamlines (due to the lack of
viscous effects) unless models are implemented to approximate this effect. However, since
viscous effects and other important factors in turbomachinery flows are not included in
SLC methods, their accuracy is considerably worse than CFD, which can already provide
results that are considerably different than experimental data.
The acceptable accuracy (especially when compared to the computational cost) of
streamline curvature and through-flow methods versus viscous CFD approaches makes
them especially prevalent in design tools and processes. Typically, these methods use a
streamline approach to solving the Euler equations, providing an inviscid axisymmetric solution [14]. The primary use for these codes is to generate aerodynamic designs of blade
shapes [14]. While design process can use purely geometric methods in combination with
CFD, this type of process can often be very computationally costly. Streamline curvature
and through-flow methods provide a faster design process with a strong physical basis that
can then be improved using subsequent CFD investigations.

2.2.2

Importance of Modeling

Since the overall ability of SLC methods to include all of the physics present in turbomachinery flows fails to compare to CFD methods, they require the use of outside models to
bring their solutions closer to CFD and experimental results. By including models, additional physical phenomena can be captured in the SLC methods, though at reduced fidelity,
12

allowing them to produce acceptably accurate results in far less time than CFD methods.
However, these models must be kept general so that they can be applied to a wide range
of geometries and flows. Thus, effective modeling in SLC methods requires the models
to be accurate, general, and versatile. Getting models to this point is not trivial, and typically requires extensive research, experimental and CFD data, and additional mathematical
derivations.
This thesis seeks to implement models using a methodology different from the models currently in use by other throughflow codes. While this is the case, it is still important to understand typical model implementation, behavior, and results. Models used with
throughflow codes almost universally aim to improve the physical accuracy of results. This
implies that models aim to bring the results of throughflow codes closer to CFD results in
a physical accuracy sense. This means that the models presented here are still relevant as
they heavily relate to the 2D CFD profiles generated as part of this project. Effectively, the
blockage and loss information from the models for the throughflow code will be included in
the CFD results. So working backwards to glean loss and blockage information from CFD
profile data should yield similar results to the models derived for the throughflow codes.

2.2.3

Improvements in Modeling

Shock Losses
In 1976, Koch and Smith [15] summarized the typical loss sources and models for axialflow compressors. Here, losses sources were broken down into four key sources. These
primary loss sources were shock losses, part-span shroud losses, end-wall boundary layer
and clearance losses, and blade profile losses [15]. Since the focus of this section is shock
loss, only Koch and Smith’s explanation and modeling of shock losses will be discussed
here. For leading edge bluntness losses (bow shocks), a model first presented by Dr. D.C.
Prince is presented, which was derived from an analysis similar to a method of characteris-
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tics analysis. A basic passage shock loss model is also presented, which was reliant mostly
on the entropy generated by the passage shock.
The bow shock model presented by Koch and Smith was neither the only nor the earliest bow shock model. The 1949 report by Moeckel [1] provides another bow shock loss
model that is rooted more in the geometry associated with the bow shock. By approximating the bow shock as a hyperbola defined by points geometrically related to the leading
edge of the blade, a reasonable bow shock shape is generated. Figure 2.1 shows an example diagram depicting the resultant bow shock hyperbola and the geometric relationships
necessary to derive the shape. This diagram shows that the resulting hyperbolic bow shock
includes the distinct characteristics of a bow shock, as the center of the bow shock is nearly
normal, while the end behavior trends toward an asymptotic value. This hyperbolic bow
shock forms the basis for many shock loss models.

Figure 2.1: Diagram of Moeckel’s hyperbolic bow shock model [1].
Building on Moeckel’s hyperbolic bow shock, Bloch [16] presented an improved
shock loss model in his 1999 paper. This shock loss model was applied directly to compressor cascades and accounted for the interactions between the blades and the shocks. The
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model also accounts for the propagation of bow shocks upstream and how these propagating shock waves are also important to consider in loss calculations. This propagation is not
due to unsteady effects, but rather the bow shocks from neighboring blades extending to
points in front of each other. This effect is more clearly shown in Figure 2.2. For example, the flow entering the passage between the third and forth blades from the left crosses
three effective bow shocks with differing magnitudes. The outermost bow shock originates
from the first blade, the second shock originates from the second blade, and so on. Thus,
since axial compressors are essentially cascades of infinite length, the total loss incurred by
crossing these shocks is an integral that accounts for the pressure ratio change due to each
of the shocks and their respective (diminishing) strengths. While the model was presented
with a focus on cascades (2D data), the model can be extended to 3D data through some
geometric manipulations and additional integration. The key disadvantage to this model is
the fact that it is only applicable to the design point [16, 7]. It provides no methods for
extending the model to stall or choke points.

Figure 2.2: Diagram of the effects of bow shocks in compressor cascades [2].

Blockage
Blockage is a common quantity of interest in turbomachinery flows due to its connection
to loss. Essentially, blockage arises from viscous effects and reduces the effective area
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through which air can flow. Major blockage sources include boundary layers, separation,
and vortices. Quantifying blockage often helps in quantifying the loss in a compressor,
though it does not capture losses resulting from shocks. Turner provides an excellent explanation of blockage, along with calculations used to derive blockage for a full rotor annulus in the present work. The blockage formulation presented by Turner utilizes various
mass-averaged and area-averaged quantities to define a ratio comparing an effective mass
flow rate to an ideal mass flow rate [17]. The required mass-averaged quantities are total pressure, total enthalpy, and angular momentum. Radial momentum, axial momentum,
and static pressure are the required area-averaged quantities. The mass flow through the
compressor or stage along with axial and radial area projections are also needed. However,
the blockage formulation presented by Turner is derived to account for a variable ratio of
specific heats (γ), making the calculation unnecessarily complex for cases where this ratio
is constant. In Turner’s paper, the investigation required a variable γ since the simulation
involved a full engine, including the combustion process. Variable γ also adds some degree
of accuracy to cases without combustion process due to the thermodynamically complex
nature of turbomachinery. However, for the simple single-stage or isolated rotor cases presented herein, the added computational cost and complexity introduced by allowing γ to
vary was considered unnecessary, simplifying blockage calculations.

End-wall Effects
End-wall effects are a generalization of the hub and casing boundary layers that contribute
to the previously discussed blockage. However, since their importance reaches beyond
blockage, they and their corresponding models will be discussed in greater detail here.
The end-wall boundary layer regions contribute large losses to the compressor flow field
due mainly to the low momentum flows that constitute the corner and tip leakage flows.
This low momentum flow also reduces the effective area of the passage (contributing to
blockage) and also contributes to stall [3, 18]. Figure 2.3 shows example axial velocity
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contours at a stage inlet and outlet that include end-wall effects (boundary layers). At this
operating point, the hub boundary layer is larger and includes much lower momentum flow
compared to the casing boundary layer.

Figure 2.3: Example inlet and outlet contours of velocity showing extents and shapes of
end-wall boundary layers [3].

Off-Design Loss Modeling
In Boyer’s 2001 thesis [7], an off-design shock loss model based on Bloch’s design point
model was presented. This model utilizes incidence angle in generating shock losses that
vary over a speed line. However, this use of incidence angle creates some issues. Boyer
notes that the incidence angle cannot go beyond choke incidence. Thus, the usage of incidence angle does not produce the rise in losses in choke, and instead tails off. This is not
the expected result. However, for stall, the loss still rises as expected. This is a key point to
improve for the current work.

2.3

Important Transonic Compressor Features

Since streamline curvature methods can only partially fill the role of CFD in the early
design process with the use of models, it is imperative to understand the flow features and
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properties of compressors, and how the geometry of the compressor itself affects these
features. Furthermore, while streamline curvature methods do not include time-dependent
effects, models applied to these codes can be made to include a reasonable amount of
unsteady effects to improve model accuracy. A discussion of transonic compressor flow
features and important effects of unsteadiness follows.

2.3.1

Flow Features

Turbomachinery flows, particularly those in transonic compressors, are extremely complex.
The combination of both high and low momentum fluid, compressibility effects, and turbulence creates a very complicated and sensitive flow field whose properties can vary wildly
depending on the flow field boundary conditions. The flow in compressors is made complex mostly be the existence and interaction of 4 general classes of flow features: shocks,
vortices, wakes, and boundary layers and separations. Some of these flow features are
shown in Figure 2.4.

Figure 2.4: Diagram of typical flow features present in a transonic compressor [4].
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Shocks are the predominant loss sources in transonic compressors [16], and comprise
two different sub-classes of shock: bow shocks and passage shocks. Oblique bow shocks
develop ahead of or attached to the leading edge of the rotor, while passage shocks sometimes develop downstream of the rotor leading edge within the blade passage. Near a
typical design point in a transonic rotor, the bow shock and passage shock are coalesced
or near coalescence and the bow shock is typically detached. In choke, the passage shock
is relatively far downstream of the now attached bow shock. In stall, the passage shock
has fully coalesced with the detached bow shock, resulting in a strong bow shock and no
passage shock due to the insufficient flow acceleration downstream of the bow shock. In
any case, these shocks are not stationary. Due to the unsteady nature of turbomachinery,
the shocks oscillate slightly around their average positions. In addition, bow shocks propagate upstream of the rotor, and may interact with the flow within the upstream blade row
(if present). The effects of shock propagation will be discussed at greater length in a later
section.
Vortices are another important source of losses in transonic compressors. Vortices
arise due to the rotation of the rotor through the fluid, and as such appear near the tip
clearance of the rotor and near the hub of the rotor. The tip clearance vortex, or tip leakage
vortex, is comprised of air that slips between the tip of the rotor blade and the casing of the
compressor, and typically penetrates into the flow through the passage at higher spanwise
locations. This tip clearance vortex is quite similar to the tip vortex of a typical aircraft
wing in that the pressure difference between the blade pressure and suction sides drive
the tip leakage flow. Other vortex structures may be present depending on the geometry
and design parameters, though tip clearance vortices are always present in cases with a
sufficiently large tip clearance (which is every real-world case due to tolerances). The tip
clearance vortex also interacts with shock structures, resulting in the vortex core trajectory
turning in the flow direction and increasing the overall size of the vortex itself [19].
Wakes and boundary layers are also present in almost all typical transonic compressor
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cases. Boundary layers develop along both blade surfaces and both endwalls in the passage. Wakes arise just downstream of the blade and appear as a result of the blade metal
blockage. The boundary layers along the blades combine with the blade wakes downstream
of the trailing edge, while the endwall boundary layers continue to develop throughout the
passage. In particular, the casing boundary layer interacts with the tip clearance vortex,
resulting in a region of low momentum fluid very close to the casing. The blade boundary
layers also typically interact with the shock structure in the passage, often resulting in the
boundary layer separating [7].

2.3.2

Unsteady Effects

The simulations and results presented herein are purely steady state, but compressor flow
fields include a host of important unsteady effects. These unsteady effects typically manifest by affecting the shocks and wakes in particular. As the rotor rotates, bow shocks propagate upstream. While this effect is captured to some extent in steady state simulations,
the interactions of the bow shocks with upstream blade rows is not. As the shocks move
upstream, they are ”sliced” by the upstream blades and continue to propagate for some time
through the upstream blade passage. The distance between the blade rows and the number
of blades in each row directly affects how important this effect is. This phenomena was
studied in length for a geometry by List (2008) [20].
While shock propagation is important, it is less so when the geometries investigated
are either isolated rotors or isolated stages. However, wake propagation remains important
in both cases, particularly for the stages investigated. In a typical steady state mixing plane
simulation, the flow is fully mixed along the interface between blade rows. That is, the
flow downstream of the rotor is first fully mixed, then that fully mixed information is used
as the inlet to the stator row. In a time-accurate simulation, the accuracy of the interface
is maintained (not mixed) and each blade in the stator row ”sees” the rotor blades when
they pass by. This means that the wakes downstream of the rotor propagate properly into
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the stator row. This causes some addition of swirl into the flow as the wakes are ”cut”
by the stator blades and gain the appearance of a shed vortex street. These shed wakes
in turn cause pressure variations on the downstream blades. This causes cyclic loading on
many of the blades, and can contribute to vibration. Vibration notwithstanding, the pressure
variations cause the flow field to be slightly more lossy and can also contribute to fatigue
in the blade assembly.

2.4

Problem Background

A key desire in the turbomachinery design process is minimizing cost in both time and
capital. This is usually accomplished by minimizing the number of CFD simulations
used during the design process in favor of utilizing faster, cheaper methods that capture
fewer physical phenomena. As discussed previously, models are used to supplement these
computationally cheaper methods by adding additional calculations to include more flow
physics. Currently, improving the models used in throughflow calculations, particularly
those that predict off-design performance, is of interest to AFRL.

2.4.1

Motivation

The current blade design process at AFRL consists of using a throughflow solver called
NewtTS for initial solutions, followed by single-passage CFD analysis. As it stands, a
combination of throughflow and CFD analysis is performed iteratively until the desired
design point is nearly reached. Additional analysis is then performed to show off-design
performance and full-annulus properties for a given design. This iterative process is slow
and costly, hence the development of a framework for the inclusion of improved off-design
models at the throughflow stage.
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2.4.2

Expected Outcomes

By introducing more physics-capturing models into the throughflow solver, the results of
the solver are expected to be more accurate and applicable to off-design prediction. This
will reduce the need for CFD simulations in the iterative design process, reducing the overall time and cost to design. The modeling methodologies adopted for this project will also
be modularly implemented so that the models and data can be exchanged or added to suit
AFRL’s needs.
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Geometries
To develop general models for various flow features, investigating a single geometry is
insufficient. Thus, multiple geometries will be investigated. These rotors and stators are all
publicly available, and all include some interesting aspects of transonic compressor flow.
These geometries are also noteworthy because they have been often studied in the past, so
there is a wealth of existing experimental data and CFD cases available. This data facilitates
the comparison of model results to various CFD and experimental results. All geometries
analyzed as part of this project were ”hot” geometries, as they were corrected to account
for temperature, and rotational and aerodynamic loading effects.

3.1

NASA Rotor 67

NASA Rotor 67 was developed as a first-stage fan in a transonic compressor [21]. The
design pressure ratio for this rotor is 1.63 and has an accompanying mass flow of 33.25
kg/s. In Strazisar et al.’s 1989 report [22], results of a full laser anemometry report were
presented. This report forms the basis for the data comparison and the case setup for the
CFD cases run. According to Strazisar et al., the rotor aspect ratio is 1.56 and has a tip relative Mach number of 1.38. The CFD simulation cases were set to use the same rotor RPM,
which was set at 16043 RPM for the laser anemometry analysis. Other design information
was obtained from the 1979 NASA design report by Urasek, et al. [23]. This geometry
was a variation of an earlier design that utilized midspan dampers [23]. This newer design
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eliminated the midspan dampers, reduced the aspect ratio, increased the convergence of the
flow path, and made multiple other geometry changes to improve overall fan performance
[23]. Figure 3.1 shows Rotor 67 and a meridional view of the geometry used.

(a) Full rotor [22]
(b) Cropped throughflow configuration

Figure 3.1: Rotor 67 full wheel and example throughflow configuration to show meridional
blade shape.

3.2

NASA Stage 35

NASA Stage 35 was designed as the inlet stage to a four-stage compressor consisting of
Stages 35, 36, 37, and 38. Reid and Moore provide geometry information and experimental
flow data for these four stages in a series of reports published beginning in 1978. Reid and
Moore provide a great deal of information about Stage 35 in their 1978 paper [24]. The
rotor has an aspect ratio of 1.19, and the stator has an aspect ratio of 1.26. The design
pressure ratio of the stage is approximately 1.83. In the four-stage compressor, the first
two stages (Stages 35 and 36) share a design pressure ratio of 1.83, whereas the last two
stages share their own pressure ratio of 2.05 [25]. However, Stages 35 and 37 share the
24

same rotor and stator aspect ratios, while Stages 36 and 38 share their own rotor and stator
aspect ratios.

(b) Cropped throughflow configuration

(a) Full rotor [24]

Figure 3.2: Stage 35 full wheel and example throughflow configuration to show meridional
blade shape.

3.3

NASA Rotor 37

NASA Rotor 37 was a part of the four-stage compressor previously mentioned. The aspect
ratios for the rotor and stator are the same as Stage 35, though the design pressure ratio is
2.05. Similarly to Stage 35, experimental data was presented by Reid and Moore (1980)
[26], though this data was obtained for the entire stage rather than just the rotor. Furthermore, the data obtained at the location between the rotor and the stator was interpolated,
so it is not perfectly comparable to the outlet of the isolated rotor. The isolated Rotor 37
was also the subject of an AGARD investigation comparing various CFD codes and their
ability to capture certain important features in the Rotor 37 flow field [27]. The findings of
this AGARD report were summarized by Denton, who also included some more detailed
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discussion of the physics in Rotor 37 [28].

(b) Cropped throughflow configuration

(a) Full rotor [29]

Figure 3.3: Rotor 37 full wheel and example throughflow configuration to show meridional
blade shape.

3.4

Stage Matching Investigation (SMI)

The Stage Matching Investigation (SMI) rig is a fan design created mostly to investigate the
effects of stage separation distances [20]. The SMI rig consists of three blade rows: a wake
generator row, a core rotor, and a core stator. The rotor and stator were investigated as part
of this project. The design of this stage was meant to emulate an embedded high-speed,
highly loaded compressor stage [20]. The rotor design for this stage has an average aspect
ratio of 0.961 with 33 blades [30]. The CFD cases for this geometry yielded a pressure
ratio of around 2.1 for the rotor and 2.0 for the full stage.
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Figure 3.4: SMI example throughflow configuration to show meridional blade shape.
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CFD and Data Acquisition Methods
Consistency is key in producing meaningful CFD simulation data, especially when that data
is planned for use in more general throughflow models. Thus, developing a methodology
that encompasses the entire CFD simulation process from meshing to data post-processing
and analysis is a requirement for design code model generation. The inclusion of an explicit methodology also ensures that later additions to any models can be completed in a
way consistent with the models generated within the scope of this project. In addition,
maintaining this methodology allows the usage of tools and programs developed as a part
of this project in future model developments and improvements. Since compressor design
is an ever-changing field, the models generated must be dynamic and modular, implying
that the methodology too must be adaptable.
The data acquisition methods employed four major programs. Two CFD-related programs, WAND and LEO from Aerodynamic Solutions (ADS), were used for all CFD cases.
An in-house throughflow code, the Newton Throughflow Solver (NewtTS), was used for
the throughflow analysis methods. Finally, Sandia National Laboratories’ Dakota was used
for optimization cases. WAND is a turbomachinery-focused grid generation code developed by Aerodynamic Solutions (ADS). Section 4.1 presents the specific meshing methods
utilized in the CFD cases. LEO, also developed by ADS, is a general purpose CFD solver
and was the sole CFD solver used for the CFD cases. Section 4.2 details the CFD solution methods and configurations used, and Section 4.2.3 details the boundary conditions
used for the different CFD configurations run throughout the project. NewtTS is the sole
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throughflow solver utilized for this project. Similar to UD0300, NewtTS utilizes a streamline solver methodology. Its inclusion of an analysis mode with fixed blade shapes was
ideal for use in conjunction with Dakota. More information relating to NewtTS and the
throughflow configurations used in this project is presented in Section 4.3.1. Dakota was
used in an optimization capacity, mostly used to optimize key flow variable profiles from
NewtTS to their CFD counterparts. More information on Dakota and its utilization is presented in Section 4.3.2.

4.1

Meshing

An important part of any CFD simulation is the generation of a computational grid from
the geometry of interest. Care must be given to the mesh parameters and other settings
so that a high quality mesh is obtained. Many commercial grid generation codes exist,
each with their associated strengths, weaknesses, and peculiarities. This project utilizes
Aerodynamic Solutions’ (ADS) grid generation code WAND for all CFD simulations run.
This section explores the code itself, then describes the methodology used to generate high
quality meshes in a consistent way.

4.1.1

Code WAND

Aerodynamic Solutions’ code WAND is the grid generation software included in ADS’s
software suite. WAND is a turbomachinery-focused grid generation code that can create
detailed meshes for both axial and centrifugal compressors. It is also capable of generating
multistage grids that can include inlet and outlet guide vanes and splitters [31].
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Properties
The main purpose of WAND is to generate turbomachinery computational grids that are
compatible with the general flow solver code LEO with minimal effort. However, the
meshes that WAND generates do not trade off an excessive amount of quality to achieve
this. The default mesh resolution setting yields a mesh that is sufficient for typical CFD
investigations, and provides both finer and coarser mesh presets depending on the user’s
requirements. A more comprehensive investigation of the performance and accuracy of the
different mesh presets is presented in Appendix B.
In default operation, WAND generates an OHH mesh with a known cell distribution
function along the blade. The H-mesh sections lie at the inlet and outlet of a blade row,
with the O-mesh being generated around the airfoil, as is typical in many turbomachinery
meshing methods. The cell distribution along the blade concentrates most cells at the leading and trailing edges while increasing the cell size toward the middle of the blade in the
streamwise direction. This distribution works to capture the typically complex flow features at the leading and trailing edges, while reducing the focus in the blade row itself since
flow features in the area typically require less mesh resolution to sufficiently capture.
WAND provides two main tip clearance meshing methods. The default uses a more
modern approach that results in a mesh that ”balloons” past the tip of the blade, bolstering
the ability to capture tip leakage flows and other important blade tip and casing interactions
[31]. However, this meshing method does not ensure that the k-planes near the tip of the
blade are surfaces of revolution. While this is not an issue in the typical usage case, surfaces
of revolution were desired for this project. Consistent surfaces of revolution throughout
the CFD flow field improves the ability to compare CFD results to streamline curvature
and through-flow results. WAND offers a conventional tip clearance meshing method that
does produce more consistent k-planes, so this method was used to maintain consistency
between the CFD and streamline methods.
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Disadvantages/Limitations
Due to the methods WAND uses for grid density distributions, it is difficult to generate
a mesh finer than the finest mesh preset. Along the blade, the cell density function is
heavily weighted toward stacking the finest grids near the leading and trailing edges of
the blades. This causes the center of the blade to have a relatively sparse grid in the axial
direction compared to most other areas of the flow field. This causes severe aspect ratio
issues when the mesh parameters are scaled up from the finest mesh preset, which in turn
detracts from the solution quality. This severe issue presented itself during the Flow Feature
Convergence study and could only be mitigated by the use of outside applications, which
took dramatically longer than the built-in mesh presets from WAND.

4.1.2

Mesh Generation

Meshing was accomplished using ADS’s grid generation code, WAND. WAND was used to
generate an OHH mesh for each geometry with the finest mesh preset available. A sample
WAND input file is provided in Appendix A, and the meaning behind each setting is discussed in greater detail in the ADS documentation, with some key settings explained here.
Information supporting the decision to use the finest mesh preset is provided in Appendix
B.
WAND defaults to creating OHH meshes for each blade in a stage, and this default
was not changed for the meshes generated for the geometries of interest. However, the
legacy setting for the tip mesh was used since it was noted that the new tip mesh methodology resulted in the generation of k-planes that were not necessarily surfaces of revolution.
For the purposes of studying losses and flow profiles such that they can be connected to
streamline-based throughflow solvers, this was not an acceptable change. For the finest
mesh setting, an accompanying tip clearance mesh resolution setting of the finest preset
was chosen. Boundary condition settings are detailed more in Section 4.2.3
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Additional mesh presets were used in a mesh convergence study, discussed at length
in Appendix B. Discussed here is the generation of certain mesh metrics using TecPlot,
along with their significance. TecPlot offers some ability to calculate certain measures of
mesh quality such as skewness, aspect ratio, and others. This data was computed in TecPlot for various mesh resolutions, then plotted in histograms to show distributions of the
various metric quantities. Results of this analysis are presented in Appendix B. This mesh
resolution study also includes a detailed investigation of mesh quality with respect to flow
features inside the passage such as shocks, tip clearance vortices, and wakes. This investigation showed that WAND’s default mesh fineness already produces fairly good results,
bolstering the decision to use the finest mesh resolution preset for the CFD cases in this
project.

4.2

CFD Solution Methods

Similar to meshing methods, the setup and execution of all CFD simulations must be kept
consistent and meaningful to produce useful and comparable data. ADS’s LEO CFD solver
is used in this project, which requires its own set of boundary conditions. However, the
features of the code itself, like the numerical schemes and turbulence models it uses, must
also be understood to make sure the code is being used and applied in a way that guarantees
good results. LEO also has some ability to post-process the raw solution data, so additional
discussion of the methods and calculations included in this portion of the code will also
be discussed. However, due to the proprietary nature of the code, in-depth discussion,
analysis, and examples cannot be given here.
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4.2.1

Code LEO

Aerodynamic Solutions’ code LEO is a multi-dimensional solver for turbomachinery flows.
It is capable of both 2D and 3D simulations, inviscid and viscous calculations, and includes
an array of tools to easily generate other objects of interest, such as speed lines. Here, the
focus will be on the 3D viscous solver utilized in the current work. LEO uses a modified
Lax-Wendroff scheme and turbulence effects are captured using Wilcox’s k-ω model [32].

Properties
Despite its typical use case being for turbomachinery flows, LEO is a general purpose
CFD solver. LEO has widespread functionality due to its inclusion of both 3D and 2D
solvers, making it able to solve both detailed 3D CFD simulations and lower-order 2D
cascade simulations. LEO is also capable of ignoring endwall viscous effects, allowing it
to produce results similar to through-flow or streamline curvature methods especially when
run with fewer k-planes.
LEO utilizes a modified Lax-Wendroff scheme and Wilcox’s two-equation turbulence
model [32]. These two methods improve the accuracy of internal flow calculations, thereby
improving the accuracy of LEO when applied to turbomachinery problems [33]. LEO
also includes multiple proprietary and public methods, formulas, and schemes to bolster
memory efficiency, accuracy, and the convergence rate. An example of these techniques is
the usage of a cell-vertex finite volume approach with a proprietary distribution formula.
These two techniques improve solution accuracy on highly skewed grids (common for
turbomachinery), and eliminates the need for 4th order smoothing [32].

Utilities
The speed line generator utility was used extensively throughout this project to generate
meanline data. The speed line generator provided a quality of life method by which a full
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compressor speed line could be generated using the ADS Workbench GUI with little setup.
LEO setup files include a line where a different back pressure can be prescribed, though
the Workbench largely automates the process. After generating a solution for the design
point or a point near peak efficiency, Workbench will begin to create and start running
cases at different back pressures scaled by a percentage. The initial level consists of a delta
from -20% to +7.5% of the original back pressure, which aims to create a speed line with
reasonable resolution that ranges from choke to stall. However, Workbench will create
multiple levels of back pressure changes, so that the speed line is marched reasonably far
into stall and choke by using the highest or lowest converged pressure case and increasing or
decreasing the back pressure using smaller steps. Figure 4.1 shows and example efficiency
speed line generated by ADS Workbench (data plotted using Python).

Figure 4.1: Example speed line from ADS Workbench.
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Disadvantages/Limitations
While LEO is well-adapted to 2D and 3D turbomachinery simulations, it is by no means
perfect. The modified Lax-Wendroff scheme still encounters decreased orders of accuracy
near shocks, and turbulence model accuracy is always a concern. While Wilcox’s k-ω
model is well-suited for turbomachinery applications, it is not the most physically accurate
method of determining turbulent effects. A properly developed large eddy simulation is
more likely to give good turbulent simulations, though these are considerably more expensive to run and have more stringent requirements and restrictions to run correctly.

4.2.2

Turbo-POST

Turbo-POST is the proprietary post-processing code used by ADS to produce the mixed
average and meanline data included in the solution output files. In the default Turbo-POST,
some important quantities of interest like loss, blockage, and certain mass or area-averaged
quantities were not written out to LEO’s solution files. In some cases, the quantities were
calculated, but only as intermediaries. Furthermore, the profile data written did not include
any indication of true mass flow or density at a given spanwise location, which complicates
the use of many quantities in a model that is intended to apply to a throughflow solver.
As such, the code was partially opened up for modification by ADS and additional
calculations were included. More mass-averaged quantities, the mass flow rate, density,
blockage, and other key quantities were calculated and written out to separate files. The
calculations already included by ADS were not modified in any way, and only separate
files were used to write the new data. In an effort to keep the modifications as independent
as possible, the new quantities calculated and their precursors were stored in new arrays
implemented in a new Fortran module file.
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4.2.3

Boundary Conditions

To ensure that each investigated geometry was fundamentally comparable, the boundary
conditions used for each case had to be well defined. The key boundary conditions in
turbomachinery flows at the inlet are total temperature and total pressure. For ADS code
LEO, pressure is also prescribed at the outlet, and temperature is prescribed along the walls
for isothermal cases. For adiabatic cases, the temperature along the wall is left to vary such
that no heat transfer takes place.

Inlet Conditions
A stagnation inlet boundary condition was used for all CFD simulations run. For all cases,
inlet pressure was set to standard day near sea level (14.7 psi), and the inlet total temperature was taken as 518.7◦ R. Standard day conditions are often used for turbomachinery flow
inlet conditions due to the relatively wide range of conditions turbomachinery encounters
during normal use. Using standard day conditions provides a simple way of standardizing
experimental and CFD data for a given compressor, which is helpful in maintaining general
models. This is is normalized by the parameter corrected flow, which is the mass flow that
flows through a compressor with standard day conditions at sea level. Corrected flow can
be calculated using Equation 4.1. In Equation 4.1, Pref and Tref are the reference pressure
and temperature values, which are usually taken as the sea level values mentioned earlier.
Using standard day conditions at the inlet means the inlet mass flow is equivalent to corrected flow, which can then be used to find the true mass flow through a given compressor
at actual operating temperatures and pressures.
q
mc = m
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T
Tref

P
Pref

(4.1)

Outlet Conditions
Outlet pressures were less simple to define. LEO requires static pressure to be prescribed
at the midspan of the outlet of a given passage. Only the rearmost passage’s pressure is
considered (for example, in a single stage analysis, only the stator’s pressure is used) [34].
Midspan static pressure was obtained typically for experimental results near design point,
requiring some additional calculations, since experimental data usually gives total pressure
only. In cases where formal experimental data was not readily available, additional research
was conducted to find a pressure to act as a ”best guess” to run an initial solution on the
case, often in choke. This solution was then marched toward peak efficiency. An outlet
temperature is not required by LEO.
The outlet plane, due to most simulations being run steady state, used a non-reflective
mixing plane boundary condition. This boundary condition type essentially uses averages
of typically nearest-neighbor points from the outlet of a blade row to determine each inlet
boundary point in the downstream blade row (or each outlet plane in a multi-stage simulation). This averaged outlet plane is then interpolated (if necessary) to the inlet plane of
the following blade row. This allows the code to include the average effects of wake propagation and other important effects without the use of a time accurate simulation. While
this reduces the computational cost of the simulation, this method is still a reduction in
accuracy.

Wall Temperature
Additional care was taken to qualify the choice of an adiabatic wall in place of an isothermal wall. This analysis was conducted using NASA Rotor 67 with 3 different test cases.
One case was adiabatic, and the other cases used the isothermal wall boundary condition.
The first isothermal case’s wall temperature was set to the outlet averaged total temperature, while the second isothermal case was set to the maximum outlet total temperature.
These cases were then compared for an entire speed line based on integrated quantities and
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temperature profiles. Comparison of the profiles and integrated quantities showed no major
change between the two boundary conditions. Thus, the more simple adiabatic assumption
was maintained for all geometries. Figure 4.2 shows a comparison between the isothermal
wall set to the maximum outlet total temperature and the adiabatic wall.

Time-Dependent Effects
LEO offers two different time-dependence treatments: mixing plane (time-independence)
and harmonic balance (spectral analysis). The differences between these schemes are often
most noticeable at the outlet of the rotor and in the stator due to the presence of additional
wake effects and wake propagation. Due to time constraints and other issues, mixing plane
was taken for most cases. Harmonic balance is known to provide better results due to the
inclusion of some time-dependent effects, whereas a pure steady-state solution like mixing
plane does not include any unsteady effects.

4.2.4

Solver Setup and Execution

Since most boundary conditions are handled by WAND, the setup for simulations in LEO
is exceptionally simple. Most of the default settings were used, which yields a viscous
turbulent flow simulation with 1% upstream turbulence. The main value changed between
simulations was the number of iterations allowed to reach convergence. For the isolated
rotor cases, 6000 iterations were sufficient for reaching a sufficiently converged solution,
so 8000 iterations were used. For stages, 12000 iterations were used since the addition of a
stator often delayed convergence. A sample LEO input file is provided in Appendix A.
ADS workbench provides a simple method for generating speed lines for both compressors and turbines. The program does this by automatically creating different cases over
a range of back pressures, with the base case chosen by the user as an initial solution for
each newly generated case. For the compressor speed line in particular, the initial range of
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(a) Isothermal wall

(b) Adiabatic wall

Figure 4.2: Rotor 67 total temperature profile comparison.
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back pressure delta percentages consists of -20%, -10%, -5%, -2.5%, 0%, 2.5%, 5%, and
7.5% of the base case’s back pressure. After these initial cases are complete, Workbench
attempts to ”march” the back pressure closer to stall and choke to fill out the speed line.
For cases that do not converge, the Workbench pushes a small amount toward stall or choke
from the closest back pressure that converged. After this point, the Workbench will create
some additional points near the peak efficiency point, march more toward stall, or pursue
a user-specified mass flow rate. Once the full speed line is complete, Workbench creates
various plots and output files showing the speed line data.
In addition to the previously described fully viscous 3D CFD cases, CFD cases with
inviscid end-walls and 11 spanwise (k-direction) planes were also run. Outside of the reduction in the number of spanwise planes and the elimination of end-wall viscous effects,
all other boundary conditions were carried over from the fully viscous cases. These reduced
k-plane cases were initially generated to aid in the isolation of important loss sources arising in the end-wall region. The remaining mesh presets were kept consistent with the fully
viscous CFD cases. For comparison, the resulting profiles from the reduced k-plane cases
will be presented to show the differences between the two cases. Figure 4.3 shows a sideby-side comparison of the entropy profiles at each axial location for the full 3D case and
the simplified 11 k-plane case.
For Rotor 67 in particular, an inlet profile was defined, hence the apparent boundary
layers at the inlet and leading edge in both cases. However, the lack of end-wall effects
has drastically changed the trailing edge and downwind profiles. In the standard CFD
profiles, the entropy reaches a higher maximum value, and then tends toward infinity as
it approaches the hub and casing. Further away from the end-walls, the profile shows
relatively constant behavior, with a small increase around midspan as the shocks upstream
strengthen in the higher spanwise regions of the blade passage. The entropy profile for the
reduced k-plane case instead appears parabolic, with the highest entropies occurring near
the casing and the hub. This effect may be the result of the specified inlet profile, since
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(a) Full 3D CFD entropy profiles

(b) 11 k-plane entropy profiles

Figure 4.3: Rotor 67 entropy profiles for standard and simplified CFD cases at design point.
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the main effects appear to be from the development of the boundary layer. However, the
entropy throughout the region further from the end-walls is much higher than the entropy in
the same region of the fully viscous simulation. To better define the effects of this simplified
CFD method, another case without a predefined inlet profile must be considered.
Unlike Rotor 67, the Stage 35 case did not have a prescribed inlet profile. Thus, the
results from this comparison should be better indicative of the effects of omitting end-wall
effects from the simulation. Figure 4.4 shows a comparison between the two simulations
for Stage 35. Unlike Rotor 67, the entropy magnitudes between the two cases are more
consistent. Near the hub, there is a notable lack of a major increase in entropy, which
is present in the fully viscous simulation. However, near the tip, the entropy increases
similarly to the fully viscous simulation. Throughout the core flow region, the entropy
profile for the inviscid end-wall case is very similar to the viscous case.
Similar reduced k-plane cases were generated for Rotor 37 and SMI for the same reasons as Rotor 67 and Stage 35. These cases were initially generated for use in comparing
differences in the profiles of the fully viscous and inviscid end-wall cases. It was hoped that
these differences could be extended to models for separate regions that encompassed endwall effects. Additionally, the presence of 11 k-planes would improve the compatibility of
the resulting models with NewtTS. However, this analysis method proved largely ineffective, so the inviscid end-wall cases were repurposed. These cases were used as optimization
targets for later Dakota simulations to provide better insight into the changes in blockage
and loss profiles between the fully viscous CFD and these inviscid end-wall cases. The
solution methodologies in these cases were also more similar to those used by NewtTS,
so the reduced k-plane cases had the added benefit of improved convergence when used as
optimization targets for the coupled NewtTS and Dakota optimizations.
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(a) Full 3D CFD entropy profiles

(b) 11 k-plane entropy profiles

Figure 4.4: Stage 35 entropy profiles for standard and simplified CFD cases at design point.
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4.3

Throughflow Solver Methods

A key aspect in the design process in many transonic compressors is the use of meanline and streamline curvature methods to generate and modify blade shapes. The Newton
Throughflow solver (NewtTS), a streamline-based design code, is currently being developed by AFRL as an in-house compressor design code. The overall aim of the project is to
create a modular design code that can use additional models as necessary for the application of interest. Since the througflow code is to be used jointly with the CFD to generate
model data, detailing the methodology used to generate streamline-based data is important.
Furthermore, attempting to match inviscid 2D throughflow simulations with 2D results
from 3D fully viscous CFD simulations demands a process that can be automated. For this
reason, Sandia National Laboratories’ Dakota was employed to use the optimization algorithms available to ease the matching of the two result types. This process also requires an
explicit methodology to be presented.

4.3.1

Newton Throughflow Solver

The Newton Throughflow Solver (NewtTS) is an in-house developed 2D compressor throughflow design code based on streamline solver methodology. The program itself consists of
multiple separate executables, allowing for GUI and CUI use for the 2D aspect and a GUI
version of a meanline solver. As a throughflow solver, the program takes many different
inputs compared to CFD. In addition, it is first and foremost a design code, which again separates its inputs and results from those of CFD simulations. Typically, the required inputs
to satisfy the equations to be solved include work profiles across any rotors, total pressure
loss coefficient profiles across the blade, and meanline information like mass flow rate.
Blade geometry information can also be specified through blade maximum thicknesses,
incidence, deviation, and various other parameters.
Since the only geometry studied that had NewtTS-compatible geometry information
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was SMI, the blade shapes of the other geometries had to be recovered from other sources.
The remaining 3 geometries, due in part to their age, conveniently had publicly available
geometry information that was used to create NewtTS design mode input files for the remaining geometries. These design mode input files were confirmed to closely match design
data for each of the geometries before further usage. After it was confirmed that other flow
information not tabulated in the design reports matched the CFD cases relatively well, more
data analysis and preliminary model generation could begin.
Since NewtTS input files can include aerodynamic blockage specifications for each
station, this blockage information can be changed by Dakota as part of its optimization
abilities. For example, by changing some of the blockage information along the blade,
the resultant varying static pressure profile can be compared and optimized against a CFD
circumferentially averaged static pressure profile at the same location. Once the blockage at
this station closely matches the CFD profile, the blockage at the surrounding station can be
adjusted by ”smearing” the blockage at the optimized location upstream and downstream.
The specification of the surrounding blockages can be improved or changed as necessary
until the static pressure and other flow field variables at other locations begin to match
the CFD or experimental data. This process should also give a deeper insight into what
variables or quantities should change and how between an inviscid throughflow case and
an equivalent CFD case. Once this process is complete, a similar process can be extended
to off-design conditions.
The general goal of the off-design case optimization to is adjust the flow parameters
of the throughflow simulation such that the resulting speed line more closely mirrors the
CFD-derived speed line. This is achieved by varying the blockage and loss specifications
along the throughflow speed line and minimizing the speed line’s error relative to the CFD
speed line. This will expand the understanding of the changes in blockage and loss from
just the design point to stall and choke conditions. With this information, new models
can be applied to the throughflow solver to better approximate new designs that have no
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existing points of reference.

4.3.2

Dakota

Since much of the throughflow analysis is dependent on optimizations, attention must be
given to the methods used to set up, run, and post-process Dakota cases. Dakota is a multipurpose interfacing code constructed by Sandia National Laboratories originally meant to
streamline certain in-house processes [5]. A large portion of the code was released as open
source, and was employed in this project for its optimization capabilities. Since effectively
three different optimization objectives were targeted, two different methodologies for optimization were required. The first was for profile matching, and the second for speed line
matching.
Understanding Dakota’s operation and execution process is helpful in understanding
the methods presented in this project. A flow chart for a typical Dakota execution is shown
in Figure 4.5. The environment defines the overall case that Dakota is to be running. This
environment contains information about the method and model used, along with any additional parameters required by Dakota. The method defines the number of different models
to be run and in what way [5]. For example, a method definition of single means that a
single model will be used, while a method definition of hybrid means that a combination
of different models not necessarily of the same type will be used. The model definition
determines which code managed by Dakota will be used. This can be an optimizer code,
and uncertainty quantification code, or others. The variables definition block is used to
define the variables used by the model and the types of variables, while the responses block
defines how Dakota should handle the resulting quantities from the model code. The interface block is used to interface with an internal or external function or program. For
example, to optimize NewtTS solutions, the interface block was a shell script that would
generate a NewtTS input file from the Dakota input parameters, execute NewtTS, then run
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Figure 4.5: Flowchart showing general steps in typical Dakota execution (from [5], Figure
2.3).
a post-processing Python script to obtain error information to be passed back to Dakota.
Dakota offers multiple methods for optimization problems, with some being single
objective and others being multi-objective. In general, the only methods capable of native
multi-objective optimization are genetic algorithms. Gradient-based and other methods are
typically single objective, though they can be adapted to handle problems seeking to minimize more than one objective function. The principal method used in this project was a
Newton method-based gradient optimization method, though usage of the Multi-Objective
Genetic Algorithm (MOGA) method from the JEGA library was explored. While the
MOGA method is capable of true multi-objective optimization, genetic algorithms in general are slower to converge for well-behaved, smooth problems compared to their gradientbased counterparts. Furthermore, in cases where the problem is physical, the somewhat
random nature of genetic algorithms may lend the solution to more error compared to an
often smoothly varying gradient-based solution. Figure 4.6 shows some examples of how
47

different algorithms progress toward a minimum. For more information on these and other
algorithms available in Dakota, the Dakota User’s Manual [5] provides a detailed explanation of the methodology behind and usage of many of the algorithms available.

(a) Genetic Algorithm

(b) Pattern Search

Figure 4.6: Example of minimization progression for two different algorithms for the
Rosenbrock test case. Images obtained from the Dakota User’s Manual, which also includes a more detailed explanation of the Rosenbrock test (from [5], Figures 6.2b, 6.2c,
6.4a, and 6.4b).
The objective of the first wave of optimization cases aimed to utilize the settled geometry to generate a baseline case that more closely mirrors CFD results. This was accomplished primarily by varying the blockage profile at the trailing edge station until a the
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static pressure profiles closely matched between the throughflow and CFD cases. Once this
optimization case was converged, the blockage was swept upstream and downstream using
a simple linear interpolation between known stations. This methodology is not particularly
accurate and requires improvements for future work. Once the blockage was spread, the
optimization was made to run with stricter constraints on the outlet station so that the outlet
static pressure profile matched the CFD case as well. After the blockage was swept through
the outlet section, a final sanity check was performed to check the overall pressure ratio,
along with various integrated quantities along multiple stations. The optimization was considered complete if these quantities were within satisfactory tolerance of the CFD solution
and the pressure profile optimizations were sufficiently converged.
The second and most important optimization method was applied to speed line matching. Once an optimized design point case was generated, the case could be used with
NewtTS’s analysis mode to generate a performance map of the geometry. Using previouslygenerated splined speed line information from the appropriate CFD case, the resulting performance map from NewtTS could be compared to the CFD speed line and RMS values
at multiple operating conditions along the speed line could be calculated. This required
the use of a multi-objective optimization to obtain the appropriate blockage and loss values
that closely approximated the CFD speed line. Using the resulting blockage and loss information, a model to reproduce these results can be developed and implemented in NewtTS.
Determining the best method to recreate speed lines using the optimization abilities
of Dakota took a fair amount of trail and error. Initial cases used a Dakota parameter
sweep with a gradient-based optimizer nested within. These optimizations were configured
so that blockages and losses for each of the blades were varied until errors between CFD
and through-flow energy and velocity-related flow variables were minimized. Initially,
efficiency profiles at the blade trailing edges, flow angles at the blade trailing edges, and
static pressures at certain keys stations were compared. The flow angle and static pressure
profile matching aimed to drive blockage toward the correct values along the speed line,
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whereas the efficiency profile was intended to drive the loss profile. After experimenting
with the profiles compared and the overall configuration of the Dakota optimizations, some
modifications were made in an effort to improve the overall accuracy of the optimized
results.
Eventually, the main methodology adopted used a hybrid optimization. This hybrid
optimization combined a genetic algorithm, a pattern search algorithm, and a gradientbased optimizer to generate blockage and loss information along a speed line. The pointby-point generation of speed line information was handled by an exterior shell script since
Dakota did not allow nesting a hybrid optimization inside a parameter sweep. Furthermore,
the profiles compared were changed to total pressure, total temperature and static pressure
only. Flow angle was eliminated since its inclusion was redundant when combined with
static pressure and without varying the deviation angle along the speed line.
For the final speed line optimization cases, a gradient-based method was used once
more. This Newton method optimizer was given a very low target convergence tolerance
and 1500 maximum function evaluations. These cases were also given 100 maximum
iterations to converge. Furthermore, these cases were marched across the speed line using
an external shell script that allowed each individual speed line point to be given initial
values from the final solution of the previous speed line point. This was done in an effort to
make the solutions vary smoothly over the speed line by making sure each speed line point
was relatively close to the previously converged solution. These cases produced the best
results of any of the optimizations, as they resulted in relatively consistent profile shapes
and fairly accurate meanline data.
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Dakota Optimization Results
This section presents the post-processed results of the various Dakota optimizations as
described in Chapter 4. The results of the various iterations in the experimental phase of
determining how to properly apply Dakota to the problem will not be shown. Instead, only
the results of the initial and final cases will be shown in this section.

5.1

Initial Cases

Results from the initial Dakota optimization cases were promising, though prone to error.
These cases utilized an efficiency profile at the blade trailing edges to drive the loss profiles.
Additionally, static pressure profiles and flow angle profiles were compared at the blade
trailing edges, the downstream station, and the stator leading edge (for stages) to drive
two-point blockage profiles. A simple parameter sweep was used to set the mass flow
rate in NewtTS to values analogous to points along the CFD speed line. At each of these
mass flow points, an independent gradient-based optimization was performed. This section
shows and makes basic comparisons between the various cases optimized, beginning with
the rotor-only cases.
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.1: Comparative speed lines for optimized throughflow case and CFD case for
Rotor 67.

5.1.1

Rotor 67

The results of the studies concerning Rotors 67 and 37 will be presented first due to their
relative lack of complexity compared to the stages. Overall, Rotor 67 has proven to be
the most consistent case studied throughout this project, so it was used as a starting point
for Dakota optimizations. The optimization according to efficiency profiles displayed encouraging results for Rotor 67. Figure 5.1 shows the total temperature, total pressure, and
efficiency speed lines for the optimized case compared to the CFD speed lines. These three
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(a) Blockage

(b) Loss coefficient

Figure 5.2: Blockage and loss coefficient across operating range for Rotor 67

speed line comparisons show that using NewtTS withing a Dakota optimization can indeed
provide results that somewhat mimic the CFD speed lines. The results show some deviations from the expected speed line particularly in stall and choke, but captures design point
behavior quite well. The overall shape of the NewtTS speed line is reasonable. This particular Rotor 67 case also displayed reasonable results as far as loss and blockage speed lines,
though some issues were apparent in the profiles. Figure 5.2 shows the blockage and loss
speed lines for this case. The high loss in choke shown in Figure 5.2b is reasonable, but
the high blockage in choke in Figure 5.2a is not physical. In choke, the blockage should
be mostly minimized due to the high momentum of the flow, while it should be higher in
stall due to the low momentum flow. The blockage across the operating range also shows
a strangely abrupt drop at the downstream station in choke. This case only included two
points in each blockage profile, resulting in some non-physical results for blockage profiles across the compressor operating range. Figure 5.3 shows blockage and loss profiles at
three points across the operating range. Of these profiles, only the loss coefficient profiles
look reasonable. The blockage profiles, likely resulting from the fact they are only linear
profiles, do not correlate with each other. However, the loss coefficient profiles show con-
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(a) Rotor trailing edge

(b) Downstream blockage

(c) Loss coefficient

Figure 5.3: Loss and blockage profiles across the operating range for Rotor 67.
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sistent behavior that seems reasonably physical. For example, the loss in the choke core
flow region is higher than the same region in the other two cases. In addition, the loss in
the tip region is consistently high across the entire operating range. Some of these results
contributed to the decision to use a combination of a genetic algorithm and a gradient-based
algorithm to find a more assured global optimum, though the greater contributors were the
results of the other three geometries.

5.1.2

Rotor 37

Rotor 37 in general showed less convincing results than Rotor 67. The CFD speed line for
this geometry already had some apparent issues. These seemed to be pronounced in the
NewtTS speed lines generated by the optimization. Figure 5.4 shows the total temperature,
total pressure, and efficiency speed lines for the optimized case compared to the CFD speed
lines. This case displayed markedly less accurate results for the entire speed line than Rotor
67. The error between the speed lines was particularly high in stall. It should also be noted
that the CFD speed lines themselves showed a few peculiarities as well, particularly near
choke in the total pressure and temperature speed lines. The blockage and loss trends
across the operating range for Rotor 37 also displayed markedly more inconsistent trends
than those of Rotor 67. Figure 5.5 shows the resulting loss and blockage trends for Rotor
37. Figure 5.5a shows apparent non-physical results in that the downstream blockage is
much higher than the rotor trailing edge blockage. Additionally, this downstream blockage
is almost entirely constant across the operating range. Again, the same issue demonstrated
in Rotor 67’s results is also present, resulting in unreasonably high blockage in choke
compared to the design point and stall regions. The loss trend shown in Figure 5.5b does
not follow the typical (and expected) loss bucket trend. Instead, the loss is very high in
the stall region, and comparatively low in choke. This result is opposite the expectation of
high loss in choke and lower losses in stall. The trend does capture the relatively low losses
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.4: Comparative speed lines for optimized throughflow case and CFD case for
Rotor 37.
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(a) Blockage

(b) Loss coefficient

Figure 5.5: Blockage and loss coefficient across operating range for Rotor 37.

near design point, however. Similar inconsistencies were noted for the profiles for Rotor
37, though to a lesser extent than Rotor 67. The blockage profiles across the speed line are
again quite inconsistent, likely due to the lack of sufficient profile resolution. However, the
loss coefficient profile shows a similar shape to the loss coefficient profiles from Rotor 67.

5.1.3

Stage 35

Compared to the isolated rotor cases, the stage cases were considerably more inaccurate
using this methodology. The most likely reason for this is the addition of physical phenomena by the stator working to propagate and amplify the errors that exist in the rotor alone.
In most cases, the rotor profiles and relationships were similar to those in the isolated rotor cases. However, the stator profiles and relationships exhibited more randomness and
non-physical results. Figure 5.7 shows comparative speed lines for Stage 35. While the
total pressure and temperature speed lines show good agreement outside of a few outlying
points, the efficiency speed line is erroneous for the entire stall side of the speed line. Since
the total temperature speed line is also incorrect in stall, the cause of the efficiency error
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(a) Rotor trailing edge

(b) Downstream blockage

(c) Loss coefficient

Figure 5.6: Loss and blockage profiles across the operating range for Rotor 37.
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.7: Comparative speed lines for optimized throughflow case and CFD case for
Stage 35.
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(a) Blockage

(b) Loss coefficient

Figure 5.8: Blockage and loss coefficient across operating range for Stage 35.

is likely rooted in the total temperature. Since this quantity is also dependent on velocity
(and thus blockage as well), the lack of sufficient resolution in the blockage profiles may
be the driving factor in the total temperature (and thus efficiency) speed line error. These
errors in the flow quantity speed lines were also similarly present in the blockage and loss
across the compressor operating range. In both the blockage and the loss relationships,
the results did not follow expectations. The loss coefficient across the speed line follows
a mostly linear decay trend from stall through design point and choke. The expected loss
bucket shape is not present. The blockage speed lines at the four different axial stations
also showed unexpected trends. In particular, the rotor trailing edge blockage trend would
be more in line with expectations as the loss coefficient plot. To some extent, the remaining
blockage trends are in line with expectations in trend, though the magnitudes of the various
blockages relative to one another are not proven. To buttress the lack of confidence in the
mean line loss and blockage plots, Figure 5.9 shows the fairly inconsistent profile plots at
three operating points for Stage 35. In Figure 5.9, the loss coefficient profiles were the
only ones that display reasonable trends. The rotor loss coefficient profiles in Figure 5.9d
show a similar trend to the analogous plots for Rotors 37 and 67. The stator loss coefficient
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(a) Rotor trailing edge blockage

(b) Stator trailing edge blockage

(c) Downstream blockage

(d) Rotor loss coefficient

(e) Stator loss coefficient

Figure 5.9: Loss and blockage profiles across the operating range for Stage 35.
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profiles display more quadratic behavior, which is expected considering the tendency of
stators to redistribute the losses in a passage. However, the parabolic trends in Figure 5.9e
open in the incorrect direction. That is, the lowest loss was expected near midspan with
larger losses toward the hub and casing. The stall and design point profiles from the optimization instead show a maximum loss near midspan, with somewhat lower or equivalent
losses near the hub and casing.

5.1.4

SMI

While SMI is a stage, the results from the SMI optimization were not expected to mirror those of the Stage 35 optimization due to how radically different the SMI design is
compared to Stage 35. SMI has a much lower aspect ratio than Stage 35. SMI’s blade
shape uses an arbitrary camber line with a precompression section, whereas Stage 35 uses
a more dated multiple circular arc (MCA) design. These geometry differences were expected to drive major differences in the profile trends compared to Stage 35 and the rotor
cases. SMI is another case that showed some issues in the CFD speed line, as shown in
Figure 5.10. The large drop in efficiency (and related quantities) immediately on the choke
side of the design point is inaccurate. This case also clearly exhibits another issue with
the optimization methods used. In the choke side of the speed line especially, the mass
flow rate calculated for the optimization cases is quite different from the mass flow rates
from the CFD speed line. This is due to the lack of consistency of the corrected mass flow
calculation used by LEO and the calculation implemented for the optimization cases. This
results in a mass flow shift of approximately 0.02 lbm/s for the entire speed line. However,
since the key optimization targets were the profiles themselves, the error caused by this
misalignment in speed lines is likely quite small, especially considering the error in the
mass flow rate itself. The more likely source of error is the error in the CFD speed line
itself. Figure 5.11 shows the resulting loss and blockage speed lines for SMI. The blockage
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.10: Comparative speed lines for optimized throughflow case and CFD case for
SMI.
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(a) Blockage

(b) Loss coefficient

Figure 5.11: Blockage and loss coefficient across operating range for SMI.

plot again shows similar issues to the results of the other geometries in that the blockage
is considerably higher in choke than in stall. This, like other cases, could be a result of
the NewtTS solution methods being unable to push losses too high, and the optimizer instead pushing the blockage higher to compensate in choke. This results in unnaturally high
choke blockage, where it should be near a minimum at this range of mass flow rates. The
loss coefficient plot also lacks the expected ”bucket” shape. Instead, the stall losses seem
almost constant for the three mass flow rates, while the choke side shows an unexpected
(and non-physical) drop likely resulting from the incorrect CFD speed line for this case.
Figure 5.12 shows the SMI profiles across the speed line, which were more consistent than
the other cases based on the shape of the profiles. What the profiles lack in accuracy they
appear to make up for in consistency. The blockage profiles at each of the stations maintain
similar linear trends outside of the stator trailing edge. The rotor and stator loss coefficient
profiles look quite good compared to Stage 35. The rotor loss coefficient profile looks very
similar in general distribution to the other rotors studied. However, instead of taking on
a more quadratic shape, the stator loss coefficient profile maintains a similar trend to the
rotor loss coefficient profile, but with additional loss at lower spans (which is expected after
a stator row).
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(a) Rotor trailing edge blockage

(b) Stator trailing edge blockage

(c) Downstream blockage

(d) Rotor loss coefficient

(e) Stator loss coefficient

Figure 5.12: Loss and blockage profiles across the operating range for SMI.
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To generalize, these initial cases were meant as a foray into using Dakota optimizations rather than a treatise on using Dakota to derive new models. As such, errors in the results were expected. These cases gave an indication of what some sources of error could be,
along with an idea of what simplifying decisions and assumptions could cause issues. One
major simplification made to reduce the number of optimization variables was the decision
to use only two points to define blockage profiles. The resulting sometimes nonsensical
linear blockage profiles showed that this simplification affected the quality of the solutions
too much to use in more finalized optimization cases. As a result, future optimizations used
blockage profiles defined by 11 points, similar to the loss coefficient profiles. This addition
of blockage profile resolution should give the optimizer more ability to vary the profiles
while maintaining physical trends. These initial cases also used a pure gradient-based optimization to search for nearby optima. However, each mass flow point was optimized with
the same initial blockages and losses, meaning no data from the previously converged mass
flow case was communicated to following cases. This was another change to subsequent
optimization cases. Since the profiles should vary quite smoothly across a speed line, optimizations (other than the first) can be initialized to the results of the previous optimized
solution. This assures that the initial point is already close to an optimized solution, improving the convergence rate and bolstering confidence in the gradient optimizer solution.
Upon inspection of the various flow quantities in each optimized case, it was noted that
important quantities like total temperature had large errors in the profiles at multiple stations. Due to the connection of total temperature and velocity (among other relationships),
the method of optimizing based on only efficiency profiles was substituted for optimizing
based on the separate total pressure and total temperature profiles.
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5.2

Final Cases

The finalized Dakota cases used a mixture of changes discussed in the previous section citing the issues encountered with the initial cases. The first of these changes was making the
optimization target total pressure and total temperature profiles individually. This was done
to better capture the flow variables directly relating to these quantities rather than relying
on a single efficiency profile to define these variables. Additional points were also added
to the blockage profiles (from two to 11) to increase the overall resolution of the profile
directly and to create additional degrees of freedom for the optimizer to better modulate
the values of various optimization targets at more exact spans than was possible for the
two-point blockage profile cases. Changes were also made to the methodology behind the
optimization itself. Instead of an optimization where each mass flow rate was calculated
completely independently, a new method that related the results between each mass flow
rate point. The speed line was started in stall (since stall shows greater stability than choke
in NewtTS) with arbitrary initial estimates for loss and blockage profiles. For each following mass flow rate point, the initial estimation for the loss and blockage profiles were set to
the final solution of the previous case. This promotes smoother variations and development
of the profiles across the speed line. Finally, these new cases were compared against the
full CFD profiles in addition to the simplified 11 k-plane CFD profiles (that did not include
end-wall viscous effects). This was done in an effort to discern if optimizing NewtTS cases
to partially inviscid CFD cases produced better results than comparing to fully viscous
CFD. The expectation was a marginal improvement since the partially inviscid CFD will
include flow features more similar to the NewtTS cases than those captured by the fully
viscous CFD.
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.13: Comparative speed lines for optimized throughflow case and CFD case for
Rotor 67.

5.2.1

Rotor 67

The resulting optimizations against the inviscid end-wall CFD for Rotor 67 will be presented first, again since Rotor 67 previously displayed the best behavior. Similarly to the
initial cases, the optimized meanline plots for total pressure, total temperature, total pressure, and efficiency all showed good agreement to the CFD case, shown in Figure 5.13.
However, this particular case shows generally better agreement on the stall side of the
speed line. However, there are still some notable deviations in choke. These choke issues
were ignored since the main focus is from design point to stall.
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(a) Blockage

(b) Loss coefficient

Figure 5.14: Blockage and loss coefficient across operating range for Rotor 67

The mean blockage and loss for the simplified CFD case also showed reasonable results as far as trends. The rotor trailing edge blockage is lowest near design point and
increases toward stall. A similar trend appears for the downstream location as well. Again,
the non-physical trend in choke was ignored since choke modeling was outside the scope
of this project. The meanline loss trend displays the expected bucket shape with high losses
occurring in deep stall and choke. The design point is the location of the minimum loss,
implying that this point is near peak efficiency. However, since one of the main objectives
of this project is to produce models for loss and blockage profiles, simple investigation of
the meanline loss and blockage results is not sufficient.
The resulting loss and blockage profiles display some expected behavior along with
an assortment of issues. The rotor trailing edge blockage profiles matched expected trends
outside of the sudden drop in blockage around 90% span. The blockage is high near the hub
and the tip relative to the core flow region, which is expected since blockage is typically
highest in these regions due to separations, boundary layers, and tip clearance effects. The
blockage at the downstream stations appears to be similar in general trend to the rotor trailing edge station, though with higher blockage at the hub than near the casing. Additionally,
the blockage in the core region is very nearly zero, which is likely incorrect. However, the
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(a) Rotor trailing edge

(b) Downstream blockage

(c) Loss coefficient

Figure 5.15: Loss and blockage profiles across the operating range for Rotor 67.

non-physical drop in blockage near 90% span in the rotor trailing edge blockage profile is
not present at the downstream station. The loss profile appears fairly similar to the blockage profile at the rotor trailing edge, including the non-physical drop near 90% span. This
somewhat S-shaped profile, ignoring the drop, is in line with expectations.
Rotor 67, as with other cases, shows the best results of any of the optimization cases.
The carpet plot for rotor trailing edge blockage seemed to align perfectly with expectations
between stall and design point. The highest blockage magnitude at this station occurred in
stall with a minimum occurring at the design point. These blockage profiles appeared to
follow a ”P-shape,” indicating that the blockage increases with blade loading and other fac70

tors that increase at higher spanwise locations. Similarly, the blockage profiles at the downstream station were at a maximum in stall, with a minimum near design point. However,
the shape of these profiles was largely quadratic with a higher blockage magnitude near the
hub instead of the casing. This indicates a more defined presence of low momentum fluid
possibly arising from flow features such as hub separations or shed vortices. Furthermore,
the core flow region displays higher blockage in stall. This blockage magnitude decreases
quickly as the mass flow rate increases toward the design point. The loss profile for the
rotor also seemed to obey expectations. Stall loss had a generally higher magnitude with
a minimum near the design point. The highest magnitude losses were present toward the
higher spanwise locations, indicating ties to blade loading and tip clearance losses. Conversely, the loss was relatively low near the hub. Furthermore, the penetration of the high
loss region into the core flow region decreased from stall to design point.

5.2.2

Rotor 37

The optimization results for Rotor 37 were far less accurate that those for Rotor 67. Figure
5.16 shows major deviations in the magnitudes of the various meanline quantities across
the entire speed line. While the CFD (with inviscid end-walls)) already yielded odd results
for the 3 speed lines, and the optimization does not seem to have improved the results. The
optimized Total pressure and total temperature speed lines showed major underpredictions,
and a large overprediction of the efficiency speed line. The largely disappointing results at
the meanline flow quantity level betrays the other issues with this optimization case.
The meanline blockage and loss results for Rotor 37 were similarly poor. The downstream blockage showed higher overall magnitudes across the speed line compared to the
rotor trailing edge station. This downstream blockage also showed a minimum blockage
in stall, and a maximum blockage in choke. This result, physically speaking, is entirely
inaccurate, as the opposite should be true. The trailing edge station showed better results
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.16: Comparative speed lines for optimized throughflow case and CFD case for
Rotor 37.
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(a) Blockage

(b) Loss coefficient

Figure 5.17: Blockage and loss coefficient across operating range for Rotor 37

with a stall blockage higher than the design point, but the magnitude of this blockage relative to the downstream station is far too low. Considering the presence of a large tip vortex
and separation bubble in Rotor 37 near stall, an effective area at the trailing edge of approximately 96% is unexpected. The loss coefficient lacks the typical bucket shape that
was present for the Rotor 67 results. The loss was at a minimum in stall according to these
results, which should not be the case. Considering the low stall blockage and loss, the poor
stall predictions for the total pressure, temperature, and efficiency are semi-explainable.
The loss and blockage profiles for the Rotor 37 optimization case are similarly disappointing to the meanline results. The rotor trailing edge blockage profile looks similar to
the downstream blockage profile for Rotor 67 in that the profile reaches near-zero blockage
in the core flow region. The downstream station blockage profiles for this case are wholly
inaccurate. The blockage is highest in the core flow region, and reaches a minimum near
the hub and casing. This is completely contrary to expectations and is likely a non-physical
result produced by the physics-independent optimizer. The overall shape of the loss profiles at the rotor trailing edge were similar to those for Rotor 67. This loss profile shape is
quite common among the various optimization cases. However, since the loss profile for
the stall condition is consistently lower than that of the design point, the accuracy of these
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(a) Rotor trailing edge

(b) Downstream blockage

(c) Loss coefficient

Figure 5.18: Loss and blockage profiles across the operating range for Rotor 37.

profiles is not assured.
Based on the results of the Rotor 37 optimization case, this optimization methodology
is more promising than the initial optimization cases. For example, the average magnitude
of the rotor trailing edge blockage profile decreased from stall toward design point. This
result was much more in line with the expected speed line trends. Similar behavior was
noted for Rotor 67. In addition, the penetration of the higher blockage near the casing
decreased from stall to design point. The resulting blockage profiles for Rotor 37 also
showed general shapes much more in line with expectations from a physically accurate
case. That is, the magnitude of the blockage near the hub and the casing was higher than
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the rest of the profile. In this case, the blockage still increases from design point to choke.
However, since the main desire is to produce a stall loss prediction from a design point, this
choke side inaccuracy can be ignored until NewtTS can better handle compressor choke
behavior. Furthermore, choke behavior is easier to estimate than stall since it typically
consists of an asymptotic drop for mass flow rates higher than design point (so a choke
margin can be estimated to fill out the choke side of a speed line in a reasonable way).
This new method was not infallible. The resulting downstream blockage profiles for
this optimization case were parabolic in shape, though with the maxima near midspan. This
profile shape suggests that the fluid with the lowest momentum at the downstream station
was near midspan with relatively high momentum fluid near the end-walls. Since this case
was optimized to a CFD case with inviscid end-walls, this result is explainable, though not
necessarily physical. However, similar results were noted for the Rotor 37 case based on
fully viscous CFD results. Thus, a more reliable method of combating this issue would
be implementing a boundary layer model or some other model in NewtTS itself to ensure
lower momentum fluid exists close to the end-walls.
The resulting loss profiles for this new case remained largely consistent with those
obtained from previous optimization cases. This not only lends credence to the previous
cases, but also acts in support for the new profiles due to the relative similarity between
optimizations and geometries. The loss in the new profiles was lowest between the hub and
midpsan and highest from midspan to the casing, which is reasonable considering the flow
features driving losses. However, the loss profile for the Rotor 37 case seems to be lowest
in stall and increases in overall magnitude toward design point. This is a non-physical
result at design point blockage and losses should be near a minimum (since design point is
typically near the peak efficiency of the geometry).
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.19: Comparative speed lines for optimized throughflow case and CFD case for
Stage 35.

5.2.3

Stage 35

The meanline data from the optimization cases for Stage 35 show results similar to Rotor
37 in that they are quite poor. The total pressure and total temperature meanline plots
both show drastic under-predictions, similar to Rotor 37. This in turn drives a large overprediction in the efficiency speed line. These results again imply the other results are likely
as bad as Rotor 37.
The meanline loss and blockage results for Stage 35 were moderately better than those
of Rotor 37, though still not as good as Rotor 67. The rotor trailing edge blockage met
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(a) Blockage

(b) Loss coefficient

Figure 5.20: Blockage and loss coefficient across operating range for Stage 35.

expectations by displaying the highest overall blockage, along with a reasonable trend (high
blockage in stall, minimum near design point). The remaining stations investigated did not
yield promising results. The stator leading edge to some extent displayed a reasonable
trend, though its overall magnitude may not have been accurate. The remaining stations
showed poor trends, though more reasonable magnitudes. The loss speed line appears
similar to Rotor 37, and for both stations again lacks the bucket shape expected from a
meanline loss relationship.
To some extent, the resulting profiles for Stage 35 followed expected trends. The
rotor trailing edge blockage appeared to have the most variation with the highest blockages
appearing near the casing. A large blockage was also present near the hub. These blockage
profiles seemed to smooth out beyond the rotor trailing edge. This may be accurate, though
without a reliable way to calculate the blockage in the CFD solutions, confirming the shape
and magnitudes of these profiles is not viable. The loss coefficient profile for the rotor
trailing edge maintains a similar shape to the previous cases with high losses occurring
near the casing. The stator trailing edge loss profile appears to be quadratic, implying
additional losses occur near the hub between the rotor and stator trailing edges.
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(a) Rotor trailing edge blockage

(b) Stator trailing edge blockage

(c) Downstream blockage

(d) Rotor loss coefficient

(e) Stator loss coefficient

Figure 5.21: Loss and blockage profiles across the operating range for Stage 35.
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As with many previous optimization cases, Stage 35 was less consistent than its isolated rotor counterparts. The trailing edge blockage magnitude decreased from stall to
design point, though the blockage magnitude at all other stations of interest did not follow
this trend. The stator trailing edge and downstream blockage seem to increase from stall to
design point, which is non-physical. The lower overall mass flow rate through the machine
in stall should result in higher blockages since the flow near the end-walls should be slower
and boundary layers should develop faster. In addition to the strange blockage profile behavior, the rotor and stator loss profiles appear to remain nearly constant over the entire
speed line. This is again unexpected behavior. There was a slight variation in the profiles
where the rotor trailing edge loss magnitude dropped a minute amount from stall to design
point.

5.2.4

SMI

The SMI optimization case showed fair agreement, but still fell short of Rotor 67’s agreement. The total pressure speed line was captured fairly well, with minimal deviations from
design point to stall. Conversely, the total temperature was quite far off, likely driving the
major difference in the efficiency speed line. The expectation for this case therefore was
marginally improved results compared to Stage 35 or Rotor 37, but more inaccuracies than
Rotor 67.
The meanline blockage and loss showed trends similar to those of Stage 35. The
meanline rotor trailing edge blockage was again high in stall and decreased toward the design point, as expected. However, the meanline blockages for the remaining three stations
did not mimic this behavior. Common to most of the optimizations presented, the stall
operating points had lower blockage than the design point, which is likely incorrect. The
rotor trailing edge loss coefficient trend maintained some of the expected bucket shape,
but the stator loss trend showed largely constant losses from stall to design point, and a
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(a) Total pressure

(b) Total temperature

(c) Efficiency

Figure 5.22: Comparative speed lines for optimized throughflow case and CFD case for
SMI.
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(a) Blockage

(b) Loss coefficient

Figure 5.23: Blockage and loss coefficient across operating range for SMI.

sharp decrease in loss into choke. Like the previous cases, these results suggest that the
optimization cases to fully viscous CFD were still not capturing the complete physics of
the problem. However, little can be done to coax the optimizer into generating reasonable
blockage and loss information without efforts to first generate models that couple blockage
and loss in NewtTS (Note: The main goal of these optimizations and this project is to do
just that).
The profiles for SMI were the first to display trends unlike most of the other geometries
and optimizations. In this case, the rotor trailing edge, stator trailing edge, and downstream
blockages all showed quadratic shapes. However, this implication of equal blockage magnitudes in the hub and tip regions is likely incorrect. The rotor and stator loss coefficient
profiles remained consistent with the previous cases and displayed a largely S-shaped profile. However, the stator loss coefficient profile seemed to include more random variations
and an overall lower magnitude near the tip than expected.
Like Stage 35, the overall behavior of SMI’s blockage profiles was lackluster compared to the isolated rotor cases. There were again slight decreases in the blockage magnitude from stall to design point. However, like Stage 35, the blockage profiles aside from
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(a) Rotor trailing edge blockage

(b) Stator trailing edge blockage

(c) Downstream blockage

(d) Rotor loss coefficient

(e) Stator loss coefficient

Figure 5.24: Loss and blockage profiles across the operating range for SMI.
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the rotor trailing edge showed very minute differences in blockage profiles across the speed
line. There were some minute differences as far as high blockage penetration into the core
flow region between stall and design point. The overall magnitude of the blockage near the
hub and casing did not vary greatly, however. The loss profiles showed some variation as
well, but like the blockage counterparts, the variation was very minute.

5.3

Discussion

This optimization analysis served multiple purposes. The first was to show that an optimizer with no physical basis could generate reasonable results for off-design predictions
given an optimization target. The resulting loss and blockage profiles for these optimizations also served as a means to glean some general information about the target behavior
of models in a 2D sense. Furthermore, if the optimization cases were able to semi-reliably
capture certain aspects of the loss and blockage profiles, some connections between the
profiles and the 3D flow features present in the CFD case could be made. In turn, some
speed line trends in these profiles can be compared to trends in equivalent profiles for the
CFD cases. By feeding some of these relationships and off-design profile data back into
NewtTS with the optimization results as a guide, a very basic off-design model can be implemented. However, this requires a more detailed understanding of the flow features in the
CFD flow fields and the effects they have on the 2D profiles.
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Preliminary Modeling Efforts
Using the results obtained from the Dakota optimizations, some additional studies could be
performed to show consistency between data. In addition, some additional investigations
were performed to identify the flow features in each case that were driving the discrepancies
between the optimized NewtTS cases and the fully viscous 3D CFD cases. This information
could be used to identify which flow features should be modeled to drive the NewtTS
results closer to the CFD solution for the most cases. This forms the foundation for the
future derivation and later application of the models.

6.1
6.1.1

Rotor 67
Fully Viscous CFD

Rotor 67, being the only geometry for which tabulated experimental data was readily available, served as a proof of concept for both the flow feature investigation and the consistency
study. The flow feature investigation consisted of inspecting the fully viscous 3D CFD results to determine which flow features were present and where. Due to the typically large
error between the NewtTS and CFD profiles near the hub and the casing, special attention
was paid to these regions in the CFD. The two key flow features identified in the Rotor
67 flow field were the tip clearance flow (and associated vorticity), along with a hub separation (arising partially due to shock-boundary layer interaction). The tip leakage flow is
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not readily apparent until approximately mid-chord. From mid-chord to the trailing edge,
the tip clearance flow is quite apparent and develops into a pocket of low-pressure fluid
on the pressure side of the neighboring blade row. Toward the trailing edge of the rotor,
a hub separation develops before later combining with the wake just downstream of the
blade. The core flow region did not display flow features outside of those that can already
be approximated by NewtTS (shocks dominate this region). This shows that the key flow
features that require attention for Rotor 67 are the hub separation and all features arising
from the tip clearance flow. These flow features are particularly important as they develop
within the blade row and propagate into the wake. These effects would likely reach downstream to a stator row (if one was present), further indicating a need to model the loss and
blockage arising from these features.
With the flow features through Rotor 67 more clearly defined, some conclusions can
be made with regards to modeling. There were a few key aspects to investigate in this
study. One major portion was determine how far the loss-driving flow features in various
flow regimes propagate. Extensions to this aspect include how the lengths of propagation
vary along speed lines and whether the effects of these flow features are still apparent after
mixing. These results of analyzing these aspects were then used to determine which flow
features drove the most significant trends in profiles. In Rotor 67, the tip clearance vortex
began developing near the leading edge, but was not a major source of loss until just before mid-chord. At this point, a clear tip clearance vortex and defined tip clearance flow
were present. This tip clearance vortex remained a major portion of the casing flow regime
throughout the remaining portion of the passage. At the design point, this tip clearance
vortex and accompanying tip clearance flow is still present, though the feature by this point
has mixed enough that the presence of the vortex is far less noticeable compared to the
vortex near mid-chord. However, the effects of the vortex are still apparent and result in
Mach number and relative total pressure deficits near the blades and casing. Due to the
location of these deficits, the trailing edge circumferentially averaged flow variable profiles
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(a) Mid-Chord

(b) Trailing Edge

Figure 6.1: Relative total pressure i-plane slices for Rotor 67 showing tip clearance flow
and hub separation.
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for Rotor 67 are expected to be heavily impacted for spanwise locations near the casing.
Near the hub, a hub separation begins developing approximately halfway between the midchord and trailing edge locations. This hub separation is initially quite small, but quickly
grows as the blade continues its clockwise turn (toward the right in Figure 6.1). By the
trailing edge, the hub separation is clearly developed and strongly impacts the circumferentially averaged profiles in the lower spanwise locations. Toward the trailing edge, this
hub separation also develops to include a separation bubble that extends to approximately
midspan. This separation likely arises due to shock-boundary layer interactions upstream
of the blade, though its initial development is not apparent with the i-slice contours shown
due to its relatively small size. Based on the presence of the large loss-inducing flow features near the hub and casing, and the loss introduced in the lower 50% span, high values
of loss are expected near the casing, and again somewhat high values of loss are expected
near the hub.

6.1.2

Inviscid End-Wall CFD

To reiterate, reduced-accuracy CFD methods were run in an effort to produce CFD cases
with solutions more similar to those from a typical throughflow code. These CFD cases
were run with 11 spanwise planes (k-planes), inviscid end-walls, and without tip clearance.
Otherwise, these cases were meshed and run using the same methodology as the fully
viscous CFD cases. These reduced k-plane CFD cases are interesting since they provide a
way to glean information about how end-wall and tip clearance effects affect the flow field
for each geometry. In a sense, these cases act as an intermediate level of fidelity between
fully viscous 3D CFD and 2D streamline-based throughflow solvers.
Compared to the fully viscous CFD case for Rotor 67, the complexity of flow features
in the reduced k-plane case is dramatically reduced. Apart from the shock structure, the
only other flow feature of interest is a separation bubble. This separation, unlike the fully
viscous case, develops with its maximum flow impingement centered near midspan and ta87

pers nonlinearly toward the hub and casing. In the fully viscous CFD, the separation region
was limited to being near the hub, but in this case the separation nearly spans the entire
blade. This implies that the presence of tip clearance flow (and the blockage associated
with this regime) prevents the widespread separation across the lower spans. This is likely
a result of the blockage arising from the end-wall viscous effects. The blockage at the endwalls reduces the effective area of the passage. As the effective area decreases, the velocity
and pressure of the fluid changes since the mass flow rate of fluid through the contraction
must remain constant. Without the end-wall blockage, the lack of area contraction drives
the larger separation bubble in this case.

Figure 6.2: Relative total pressure contour near the trailing edge showing observed separations.
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6.1.3

Stall Behavior

Compared to the development of the various regions of Mach number and relative total
pressure deficits, the behavior in stall for Rotor 67 is only moderately different. Due to the
overall lower momentum of the flow through the blade row in stall, the relative pressure
deficits and boundary layers develop earlier in the passage and thus grow larger as the flow
develops throughout the blade row. Furthermore, the tip clearance flow is now forced to
the neighboring blade, and instead has a larger impact on the center of the passage near
the casing. Assuming this trend continues as the mass flow rate decreases, the tip clearance
vortex is likely a large factor in compressor stall and surge. As the mass flow rate decreases,
the vortex grows large and assumes a more central position in the passage. At particularly
low flow rates, the vortex may break down as a result of viscous shear and mixing, resulting
in a very large blockage region. This, combined with the higher back pressure in stall, is a
likely factor driving compressor surge [35, 36]. In the reduced k-plane case, where the tip
clearance flow is not present, the separations appeared earlier on the blade and penetrated
further into the core flow region than in the design point case for the inviscid end-wall
simulation.

6.1.4

Loss Behavior

To compare the losses resulting from the various flow features, some (likely inaccurate)
loss profiles were calculated using the circumferentially averaged relative total pressure
information. These loss profiles, since they were not calculated based on raw CFD data and
subsequently averaged do not take important factors like flow recirculation into account. As
such, the loss profiles for Rotor 67 and other cases often showed large regions of negative
loss coefficients. In the Rotor 67 cases (both for fully viscous and simplified CFD results),
these negative loss regions were coincident with the separations and boundary layers in
the flow field. This observation implies that flow recirculation may indeed be a driving
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factor. However, since the profiles began developing negative regions as early as 20%
chord, this may not be a valid explanation. While the profiles appear largely inaccurate at
the lower spans due to this negative tendency, the overall shape of the loss profiles (relative
to the rotor leading edge relative total pressure) aligned with expectations. In particular,
the resulting loss profile near the casing appeared to align well with expectations, previous
observations, and other data. The losses in this casing region were quite high compared
to the rest of the profile, and the size of the region displaying elevated loss coefficient
magnitudes expanded from leading edge to trailing edge. This region of high loss was not
present in the reduced k-plane simulations, suggesting that this region was a direct result
of the tip clearance flow. The remainder of the profile was thus due mostly to shock losses
and the loss associated with the separation bubbles (if present) or boundary layers and their
interactions with the shock structure.

6.1.5

Tip Clearance Analysis

Initial inspection of typical relative total pressure profiles shows that the resulting profiles
for all geometries displayed regions in which the relative total pressure increased through
the blade. Knowing that this result is non-physical, some efforts to determine the error
driving this behavior were made. Due to the extent of the regions with increasing total
pressure and the consistency in its rise, issues with the circumferential average calculation
were eliminated as possible causes. While the circumferential average calculation may
drive some errors in the profiles, they would not drive a consistent radial variation in the
profile. Issues in the CFD code itself were also eliminated as effectively all other flow
quantities were correct and matched experimental, design, and outside CFD data. Noting
some similar behavior in centrifugal compressor cases (outside of this project) led to the
investigation of the relative total pressure calculation itself. In centrifugal compressors, an
additional ω 2 r2 term must be subtracted from the velocity to account for the increasing radius of the compressor itself. This is not typically done in axial compressors since changes
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in radius are typically much less important. However, subtracting out this term for the
axial compressor calculations yielded much better results for all geometries except Rotor
67. This improvement is likely a result of the radius changes in the axial compressor cases
examined (which are quite major in SMI, for example), meaning this ω 2 r2 likely maintains
its significance for the axial cases examined.
For Rotor 67, the difference between the profiles was apparent. Figure 6.3 shows
the reduced k-plane and CFD relative total pressure profiles in a side-by side comparison.
This case maintains the inaccuracy of an increasing relative total pressure below 60% span
despite using the adjusted relative total pressure calculation. Thus, all quantitative results
presented will likely have some numerical error, but the qualitative trends should stand.
However, these issues notwithstanding, the profiles show good results with respect to the
casing behavior of the profiles. The reduced k-plane case above 60% span seems to deviate
from the linear trend in a curvilinear way until the relative total pressure seems to become
constant very close to the casing. This behavior is contrasted by the decay in the CFD case.
Instead of the decay to constant pressures observed in the reduced k-plane case, the profile
reaches a maximum between 80% and 95% span, then decreases until reaching the casing.
While the magnitude of the pressure in this region is higher than the reduced k-plane case,
the decrease in the CFD case indicates a pressure deficit compared to the ”ideal” profile.
Due to the location of the deficit, the likely cause of this deficit is the tip clearance flow.
This tip clearance flow region also develops through the blade. The initial size of the region
(near 20% chord at Station 2) was quite small. However, near 60% chord (Station 4), the
size of the pressure deficit region grows considerably larger. The two subsequent stations
show the size of the region continuing to grow. Furthermore, the variations in the pressure
deficit region appear much smoother at the final station compared to the previous stations.
This implies that the flow feature mixes to some extent, especially once the supplying flow
across the blade tip is no longer present. This development of the pressure deficit regions
provides great insight into the 2D development of the tip clearance losses and blockage.
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(a) Reduced k-plane

(b) CFD

Figure 6.3: Comparison of relative total pressure profiles for the reduced k-plane and CFD
cases for Rotor 67.
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It should be noted that the locations of the peaks and deficits in the relative total pressure profiles does not indicate the exact extents or locations of the tip vortex or associated
tip clearance flows. The peak in relative total pressure is typically the result of a region of
high pressure near where the tip vortex and core flow regions interact. This is apparent in
Figure 6.1, where the tip clearance flow partially envelopes the core flow region near the
trailing edge. Thus, it is difficult to tell how this region translates to the circumferentially
averaged profiles without investigating those profiles on a radius basis. However, this spanwise representation does give some insight into the development of this region and opens
the door for some estimations of trends in near-casing blockage and loss through the blade.

6.1.6

Separation and Shock Analysis

Losses and blockage arising from shocks, separations, and recirculation zones are also
important to the current study. As such, these features were analyzed in an effort to correlate their locations, sizes, and strengths to changes or features in the circumferentially
averaged profiles. These three features in particular were grouped together due to the fact
their effects on the profiles would be difficult to separate. Furthermore, these flow features
interact extensively, reducing the ability to separately judge their effects on the profiles.
However, plots describing their behavior could be generated separately. This separation
and shock study mostly examines contours to determine approximate locations of separation development and shock impingement to determine which profiles are affected and
where (in the spanwise direction). Shock impingement was described using Mach number
contours generated at all spanwise planes in the CFD solution. Separations were described
using contours of Mach number and axial velocity to show where axial velocity is negative
(rough indication of recirculation) and where Mach number is low (low momentum fluid
near separations).
It was noted in the i-plane slices for Rotor 67 that a hub separation is present near the
trailing edge of the rotor, so this case was used as a means of showing that the investigation
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methods do a reasonable job of showing separations and recirculation zones. For Rotor
67, axial velocity contours were generated near the hub, at midspan, and near the casing
for both design point and at a stall operating point. While this particular parameter does
not indicate a separation bubble in a strict sense, it does indicate regions of reversed flow
found in separations and vortices. Figure 6.4 shows contours at three spanwise locations
for the Rotor 67 design point. Indeed, Figure 6.4a shows a large region of flow recirculation
beginning near 75% chord and extending downstream of the rotor trailing edge. Since this
is a contour of negative axial velocity, the recirculation region is likely only a small part of
the entire separated region, though it serves as an excellent means of estimating its strength.
This result shows that there should be a region of high blockage near the hub in Rotor 67
(and likely high losses as well), which would drive a deficit in the relative total pressure
profiles very close to the hub. While this result should be apparent in a qualitative sense in
Figure 6.3, the aforementioned problems with the Rotor 67 relative total pressure obscure
the result. Since the relative total pressure is artificially increasing through the blade, the
near-hub deficit did not appear as expected. Instead, the relative total pressure values near
the hub remain very similar in magnitude for all stations through the blade. Along the core
flow region and into the tip region, the separation zones are much less pronounced than
the large separation near the hub. While regions are present, they often do not develop
until nearly 90% chord, and are typically small relative to the full passage. Thus, the
separations are unlikely to be driving major or notable features in the circumferentiallyaveraged profiles throughout the core flow region. The loss and blockage near the tip is
driven mostly by the tip clearance flow, and the separation near the trailing edge will have
little effect on the profile compared to the deficit caused by the tip clearance flow.
From previous analysis, the separations in Rotor 67 showed little change between the
design point and the stall operating condition. The contours show similar results. Figure
6.5 shows the resulting contours for the stall condition. While the separation near the
hub is still present, it has a dramatically reduced size and lower recirculation intensity
94

(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.4: Contours at three spanwise locations for Rotor 67 design point showing locations of possible separations. Suction side on top, pressure side on bottom, passage outlet
to the right.
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compared to the same feature at the design point case. A similar reduction in separation
size and intensity was noted for the remaining two spanwise locations, which required use
of Mach number contours to show the general location of possible separations. However,
loss and blockage increases from design point to stall, indicating that different features are
responsible for these variations. The area affected by the tip clearance flow dramatically
increases in stall, likely contributing to this trend, and the bow shock near the leading edge
detaches and strengthens, likely driving another large portion of this increase.
Since shock losses are difficult to separate from other losses and are not restricted to
driving or affecting a single flow regime, simple contours of Mach number were generated
in an effort to gauge the location of shock impingement. Due to the lack of major shockdriven effects near the hub, only the midspan and tip slices are shown in Figure 6.6. Near
midspan, two distinct shocks are visible. The bow shock, just ahead of leading edge of the
blade, displays some curvature and impinges on the neighboring blade’s suction surface
near 30% to 40% chord. Based on the Mach number contours and the previously shown
negative axial velocity contours, this shock does not induce a boundary layer separation, but
does drive an increase in the boundary layer thickness. A normal passage shock appears
in the passage near 50% to 60% chord. This shock seems to interact with the boundary
layer in a more extreme way, drastically reducing the Mach number in the boundary layer
and likely inducing the separation observed at this spanwise location. Near the tip, a clear
shock structure is more difficult to define due to the interaction with the tip clearance flow.
The bow shock is still fairly well defined, though seems to bulge and curve near where
the tip clearance vortex interacts with the shock. This complex interaction causes the tip
clearance vortex trajectory to turn in a more streamwise direction and increase in total area.
This complex shock-vortex interaction also seems to directly affect the size and shape of
the separation near the trailing edge. Due to this interaction, the combination of losses
and blockages arising from these different flow features is likely driving the total loss and
blockage in the tip region. In a 2D sense, separating the loss and blockage into individual
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.5: Contours at three spanwise locations for Rotor 67 stall operating point showing
locations of possible separations. Suction side on top, pressure side on bottom, passage
outlet to the right.
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components driven by single flow features is likely difficult and ultimately unnecessary.
Any model predicting the loss and blockage near the tip should be based on the total loss
and blockage, rather than attempting to predict the affects of each flow feature independently.

(a) Midspan

(b) Tip

Figure 6.6: Mach number contours at two spanwise locations for Rotor 67 design point
showing shock structures.
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6.2
6.2.1

Rotor 37
Fully Viscous CFD

Rotor 37 displayed notably different flow feature development and mixing compared to
Rotor 67. The key flow features readily apparent in the Rotor 37 flow field are shock
structures, a tip clearance vortex, and a large separation bubble, both shown in Figure 6.7.
From the leading edge to just before mid-chord, the main feature developing is the tip
clearance vortex. However, unlike Rotor 67, this tip clearance vortex does not seem to
penetrate the shock and instead appears to impinge on the shock, which likely acts to mix
the tip clearance flow into the region behind the shock. Near mid-chord and just after, this
combination of flow features develops further, resulting in regions of higher pressure along
the shock front near where the tip leakage flow impinges upon the shock, shown in Figure
6.8. However, by the trailing edge, this complex interaction of flow features has almost
completely mixed, resulting in a typical Mach number and relative total pressure deficit at
higher spanwise locations. Rotor 37 displays a much larger and lossy separation bubble.
This separation bubble arises as a result of shock-boundary layer interactions across the
entire blade (in the spanmwise direction) and grows quickly from the shock impingement to
the trailing edge. This separation is largest near midspan, with a very small separation near
the tip and a still considerable separation near the hub. However, the largest portion of this
full-blade separation bubble is near midspan. Compared to Rotor 67, this separation region
is larger both in the spanwise direction (as it is apparent across the entire blade span), and
penetrates into the passage farther than the relatively small separation in Rotor 67. Due to
the size of this separation bubble, the expected hub separation was not apparent, as it likely
developed as a part of the already present separation bubble. Another possible explanation
is that the appearance of such a large separation bubble prevented the development of a
hub separation since the flow was already separated. This separation bubble persisted for
the remainder of the flow field after its development, which resulted in a presumably great
99

impact on the trailing edge circumferentially averaged profiles.

6.2.2

Inviscid End-Wall CFD

Much like the reduced k-plane case for Rotor 67, a large blade-spanning separation bubble
also appears in the Rotor 37 reduced k-plane case. This separation develops in almost the
exact way it develops in the fully viscous CFD case. Furthermore, its expanse is larger
since the hub and casing no longer affect the upper and lower extents. Instead, the size
of the separation remains nearly constant at the edges of the blade span instead of tailing
off near the hub and casing. Like Rotor 67, the reduction of other blockage sources likely
drives the separation bubble to be larger.

6.2.3

Stall Behavior

The first major difference in the relative total pressure profiles between design point and
stall was the overall magnitude. In general, the magnitude of the entire relative total pressure profiles decreased with mass flow rate. These profiles did not offer many other insights
into the changes in the flow field other than the increase in the size of the pressure deficit
region near the casing. However, i-slice marching for the stall case revealed that this addition of losses in the casing region was likely a result of the tip clearance vortex, as was
the case with Rotor 67. In Rotor 37, the tip clearance vortex was much larger and more
clearly defined than the vortex in Rotor 67. By the trailing edge station at the stall operating
point analyzed, the tip clearance vortex and the flow associated with it dominated the upper
20% span of the passage. This region was further complicated by the interaction of the tip
clearance vortex and the passage shock. However, this flow feature has been researched
in great detail in the past, and modeling such a feature is entirely possible [19]. The computational mesh used likely lacks the definition required for a proper analysis of this flow
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(a) Mid-Chord

(b) Trailing Edge

Figure 6.7: Relative total pressure i-plane slices for Rotor 37 showing tip clearance flow
and hub separation.
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Figure 6.8: Absolute total pressure contour near mid-chord highlighting the complex tip
clearance and shock interaction.

Figure 6.9: Relative total pressure contour near the trailing edge showing observed separations.
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feature interaction region, though its effects are clearly noticeable in both the CFD flow
field and the circumferentially averaged profiles. This further supports the need for models
that even roughly predict the blockage and loss arising from tip clearance flows.

6.2.4

Loss Behavior

The results of the loss profile analysis in Rotor 37 were similar to the observations in Rotor
67. The regions of high loss aligned with the relative total pressure deficit regions, and
the regions of negative loss aligned with the regions where the relative total pressure was
increasing through the blade row. Again, the presence of a large lossy region near the case
that expands in stall shows the spanwise locations most affected by the tip clearance flow.
Again, since this region was not present in the reduced k-plane simulations, the difference
in loss in these two regions is somewhat indicative of the additional loss generated by the
tip clearance flow. In the reduced k-plane cases, a corner separation was present near the
casing, a flow feature that likely never developed in the fully viscous CFD as a result of the
presence of the tip clearance vortex. This mismatch in flow features near the casing means
that any direct comparisons between the two profiles to glean the nature of the tip clearance
vortex loss would likely result in largely incorrect approximations.

6.2.5

Tip Clearance Analysis

With Rotor 37 being a geometry known to develop strong tip vortices, the definition of the
pressure deficit for the Rotor 37 case was expected to be better than Rotor 67. Figure 6.10
shows that while a tip clearance vortex did indeed affect the casing region of the profile, no
clear increase in severity was noted compared to Rotor 67. However, the shape of the profiles near the casing for the reduced k-plane cases was quite different for Rotor 37. Instead
of the profile staying near constant near the casing, the pressure for this case decreased
near the casing. Assuming this trend is independent of the blade geometry and other design
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parameters, this drop in relative total pressure can likely be attributed to separations near
the blade tip. The CFD relative total pressure profiles for Rotor 37 appear relatively similar
to the profiles for Rotor 67. The major difference is the size of the region with increasing
relative total pressure. While this region account for 60% of the span in Rotor 67, this
region occupies only 20% of the span for Rotor 37. The variations in the pressure deficit
region are more extreme than than those observed in the Rotor 67 case. However, the general trend of the pressure magnitude decreasing and the pressure deficit region expanding
is still present.
For the Rotor 37 case, the peak in relative total pressure is more indicative of the
extent of the casing flow region compared to Rotor 67. This conclusion was reached after
inspecting the flow field in Figure 6.7, which shows a region of consistently high pressure
at the spanwise location just below the extent of the end-wall flow region. While relatively
high pressure areas are present at the same spanwise locations as the low pressure vortex
region, the magnitude of this high pressure region is not so high that it will drive a higher
circumferentially averaged pressure at spans that include the pressure deficit region caused
by the tip vortex. Therefore, the relative total pressure deficit shown in the profile plots for
Rotor 37 gives a good indication of the size of the tip-clearance driven region. However,
as this flow develops toward the trailing edge of the blade, the flow appears to be more
similar to Rotor 67 in that the high and low pressure regions no longer seem to be cleanly
divided across spanwise planes. The development of the profiles from mid-chord to the
trailing edge, however, suggests that this deficit region still serves as a good approximation
of the tip clearance flow region. Due to the similarity of the Rotor 37 trailing edge flow to
the slices of Rotor 67, this result supports the claim that the pressure deficit region of the
profiles for Rotor 67 correlate to the tip clearance flow region as well.
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(a) Reduced k-plane

(b) CFD

Figure 6.10: Comparison of relative total pressure profiles for the reduced k-plane and CFD
cases for Rotor 37.
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6.2.6

Separation and Shock Analysis

From the i-slices of Rotor 37, a larger separation spanning nearly the entire blade span
was expected, along with a smaller separation near the hub compared to Rotor 67. Upon
inspection of the contours, this was indeed the case. Figure 6.11 shows the resulting axial
velocity contours at three spanwise locations. The region of separation near the hub in
Rotor 37 was indeed very small, and likely had no major effects on the circumferentiallyaveraged relative total pressure profile. Near midspan, the separation bubble is much larger.
This separation develops just downstream of shock impingement near 50% chord along the
suction side of the blade. This separation does not reattach before reaching the trailing edge
and mixing with the wake. Due to the large size of this separation relative to the passage,
this feature likely influences the shape of the profiles beyond 50% chord. The relative
total pressure profiles through the blade shown in Figure 6.10 shows how these separations
affect the mixed-out profiles. The first four stations in the blade (0%, 20%, 40%, and 60%
chord) have similar drops in relative total pressure between 20% and 80% span. However,
the final two stations at 80% and 100% chord show much larger drops in relative total
pressure between these same spanwise bounds. While some of this may be attributable to
the blade geometry itself, it is likely that the large separation along the trailing edge over a
large portion of the blade span drives a sizable portion of this loss. Furthermore, the drop
in relative total pressure below 20% span is still quite small for the last 40% chord, where
there is only a minor separation. Near the tip, a separation still appears downstream of the
shock near 70% chord, though seems to reattach near 80% chord. This near-tip contour
also shows an isolated region of negative axial velocity near mid-passage. This is a small
portion of the tip clearance vortex, which shows that this particular portion of the separation
is at a spanwise location influenced by the tip clearance flow. Thus, it becomes difficult to
separate the effects of the separation at this span from the tip clearance flow.
Like Rotor 67, the stall operating point for Rotor 37 showed smaller separations than
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.11: Contours at three spanwise locations for Rotor 37 design point showing locations of possible separations. Suction side on top, pressure side on bottom, passage outlet
to the right.
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the design point case. The hub separation remained very minor and only affects the last
approximately 10% chord. The previously large separation near midspan that develops near
50% chord still appears to develop in a similar location, though also appears to reattach just
downstream. Near the tip, the severity of the separation bubble near 70% span seems to
increase, though this may be an artifact of the tip clearance flow. This near-tip location also
shows a very strong region of negative axial velocity near mid-passage, again from the tip
vortex. Since the same spanwise plane was used to produce this contour in stall as in the
design point case, this shows that the tip vortex does occupy more of the passage in stall
than at the design point.
To some extent, Rotor 37 appears to be more well-behaved than Rotor 67. The
midspan Mach contour shown in Figure 6.13 shows a clear bow shock just ahead of the
trailing edge. This shock also seems to coalesce with a passage shock, forming a curved
shock before impinging on the suction surface of the blade. This strong shock structure
rapidly decelerates the core flow region and drives the boundary layer to separation immediately downstream of the point of shock impingement near 50% span. The size of the
separation at this location is likely related to the strength of this shock. Furthermore, the
location of separation will vary along the speed line as a result of the shock structure changing. For example, the shock structure in stall is a combination of a detached bow shock and
a normal passage shock. In this case, the separation will likely occur later, as the passage
shock will drive the separation. This would result in a flow field more similar to Rotor 67
near midspan. Near the tip, the shock maintains much of its shape compared to Rotor 67.
This bow shock maintains a smooth curvature interrupted by the tip vortex where the shock
front seems to bulge upstream.
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.12: Contours at three spanwise locations for Rotor 37 stall operating point showing locations of possible separations. Suction side on top, pressure side on bottom, passage
outlet to the right.
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(a) Midspan

(b) Tip

Figure 6.13: Mach number contours at two spanwise locations for Rotor 37 design point
showing shock structures.
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6.3

Stage 35

6.3.1

Fully Viscous CFD

As expected from a rotor in the same family as Rotor 37, the flow features in the Rotor 35
flow field appeared similar to those observed in the Rotor 37 flow field. Since this was the
first geometry investigated as a stage, the flow features in the stator row will be discussed
separately. Again, the tip clearance flow appears to impinge upon the shock near midchord. Similarly to Rotor 37, the complex flow feature that results mixes out by the trailing
edge, leaving typical tip clearance effects. Approximately halfway between mid-chord and
the trailing edge, a separation bubble similar to the one observed in Rotor 37 develops. This
separation bubble again appears initially near midspan, eventually growing to encompass
the majority of the blade in the spanwise direction, with the point of maximum penetration
into the passage near midspan closer to the trailing edge. Unlike Rotor 37, this separation
bubble is not continuously present across the entire blade span. Near the tip, the separation
is not present. In addition, the separation is not present from approximately 20% to 40%
span. However, a feature resembling a hub separation does appear in the 0% to 20% span
region. Since Rotors 35 and 37 are members of the same design family, the flow features in
one may provide some insight into those in the other case. For example, hub and midspan
separation regions appear to independently develop in Rotor 35, but the separation region
in Rotor 37 appeared to develop as one contiguous separation region. Since the Rotor 37
pressure ratio is higher than that of Rotor 35, this higher back pressure may drive a larger
separation region. These separated regions, due to being larger than in Rotor 35, may immediately coalesce and take on completely different internal properties than those observed
in Rotor 35. So while the structures may be similar, they may still be incomparable.
Also of note in the case of Stage 35 is the flow behavior through the stator. While less
interesting overall due to the lack of rotation, important loss sources still appear in the sta-
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(a) Mid-Chord

(b) Trailing Edge

Figure 6.14: Relative total pressure i-plane slices for Stage 35 separations and vortices.
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tor. Approximately halfway between the stator leading edge and mid-chord, a tip clearance
vortex develops. In Stage 35, the tip of the stator is near the casing (the blades are rooted
at the hub, unlike some other designs whose blades are rooted at the casing), meaning a tip
clearance vortex was again expected to develop near the casing. This was indeed the case
as a fairly large (compared to the rotor tip clearance vortex) vortex appears persists through
the entire stator blade row. Unlike the rotor tip clearance vortex, the stator vortex does
not appear to mix and subside before reaching the stator trailing edge. Instead, the vortex
grows and persists, though does appear more diffuse than its state earlier in the passage.
The relatively large vortex can likely be explained by the relatively low momentum fluid in
the stator compared to that of the rotor. Thus, the fluid has less axial and radial momentum
to resist the transport of tangential momentum through the tip clearance gaps in the stator
blade row.

6.3.2

Inviscid End-Wall CFD

Unlike Rotors 67 and 37, the rotor portion of Stage 35 did not have a major separation
bubble in the reduced k-plane case. In fact, Mach contours indicated no major separations
in the entire rotor flow field. There was likely a minor separation downstream of the shockboundary layer interaction, though this separation was much less evident in the reduced
k-plane case than fully viscous CFD. Due to the lack of major separations and tip clearance
flows, this particular reduced k-plane case provides an excellent baseline for comparisons
between the CFD and reduced k-plane cases. In the stator row, the tip clearance vortex is
no longer present, though a corner separation appears in a similar location downstream of
the stator mid-chord.
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Figure 6.15: Relative total pressure contour near the trailing edge showing observed separations.

6.3.3

Stall Behavior

Stage 35, being in the same family of geometries as Rotor 37 again displayed similar results
in stall as Rotor 37. The size of the tip clearance vortex grew with decreasing mass flow
rates, and shifted toward the center of the passage. Whereas the apparency of the shockvortex interaction was relatively small in the design point cases of Stage 35, the effects
were quite noticeable in stall. The stall behavior of the shock-vortex interaction in Stage 35
at first glance was more similar to the same interaction in Rotor 37. This result shows that
stage total pressure ratio is a driving factor in the strength of this interaction (the pressure
ratio increases in stall, and Rotor 37’s pressure ratio is higher than Stage 35’s).

6.3.4

Loss Behavior

The behavior of the rotor losses were similar to those of the previous two cases. Throughout the core flow region (about 30% to 70% span), the shape of the loss profiles in fully
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viscous CFD, reduced k-plane CFD, and stall conditions of both were very similar. The
main differences appeared in the upper 30% span, where the tip clearance effects again
dominate. In the reduced k-plane CFD, the profile showed no sign of additional losses at
these spanwise locations other than the expected result that loss increases with blade loading. In the fully viscous CFD case, the upper 30% span again exhibited a region of high
loss resulting from the tip clearance flow. This region expanded in size and showed higher
overall magnitudes in stall, suggesting that the vortex grows stronger in stall as was already
observed in other geometries.

6.3.5

Tip Clearance Analysis

The expectation was that Stage 35 would exhibit similar behavior to Rotor 37 due to their
close relationship, though with likely smaller tip vortices due to its lower pressure ratio.
This expectation proved correct, as the tip clearance flow region for Stage 35 was comparatively small, though maintained a similar shape to Rotor 37. This was echoed by the
relative total pressure profiles through the blade. The profiles for Stage 35 appear to be
very similar to Rotor 37, particularly for the reduced k-plane case. The fully viscous CFD,
however, shows the much smaller relative total pressure deficit region. While Rotor 37’s tip
clearance flow region occupies nearly the upper 20% span of the blade, the same region in
Stage 35 occupies approximately the upper 10% of the blade span. This region also varies
more smoothly than Rotor 37, likely due to the absence major incursions of the tip clearance flow into the core flow region. This smoother behavior is also in Figure 6.14, which
shows that the tip clearance flow does not share spanwise planes with the high pressure
core flow region to the same extent as Rotor 37 or Rotor 67.
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(a) Reduced k-plane

(b) CFD

Figure 6.16: Comparison of relative total pressure profiles for the reduced k-plane and CFD
cases for Stage 35.
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6.3.6

Separation and Shock Analysis

Most of the separation results for Stage 35 were similar to those from Rotor 37, likely as a
result their similar designs. The separation near the hub is again very small and is present
only near the trailing edge. The midspan results show the development of a separation near
60% chord. Unlike Rotor 37, this separation region appears to reattach before 80% chord.
The overall size of the separation is smaller compared to the same location in Rotor 37.
A similar separation bubble is present near the tip, though the flow does not separate until
approximately 70% chord. This separation also reattaches near 80% chord. Considering
the relative total pressure profiles for Stage 35 are so similar to those of Rotor 37, the
notion of the separations themselves driving larger drops in relative total pressure is likely
incorrect.
Stall in Stage 35 shows similar results to Rotor 37 near the hub and at midspan. The
hub separation is small as in the design point case. Similarly to Rotor 37, the midspan
separation occurs near mid-chord and reattaches. The stall case of Rotor 37 and both cases
of Stage 35 contrast with the complete separation in Rotor 37’s design point case. However,
in the Stage 35 stall point case near the tip, the separation is much more pronounced.
Near the tip, the separation region is very large (relative to the separations for the other
cases in these two geometries). Despite the relatively large size of this separation, the
flow reattaches near 75% chord. Due to the location of this separation relative to the tip
clearance, the vector field for this case was investigated to determine if the separation was
being partially supplied by the tip clearance flow. The vector field showed that the vectors
had very small radial components relative to the tangential and axial directions. This vector
field also shows the flow inside the separation region lacks the behavior expected if the tip
clearance flow was supplying the separation region (large velocity components normal to
the blade) and instead point parallel to the blade surface.
The Mach number contours for Stage 35 appear fairly similar to Rotor 37 at both
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.17: Contours at three spanwise locations for Stage 35 design point showing locations of possible separations. Suction side on top, pressure side on bottom, passage outlet
to the right.
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.18: Contours at three spanwise locations for Stage 35 stall operating point showing
locations of possible separations. Suction side on top, pressure side on bottom, passage
outlet to the right.
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midspan and near the tip. The midspan Mach number contour again shows a combined
bow shock and passage shock structure that drives a large separation just downstream of
the point of shock impingement near 50% chord. This shock structure is very similar to
the structure observed in Rotor 37. However, the negative velocity contours show that the
resulting separation includes less recirculation than the separation in Rotor 37. Near the
tip, the bow shock is still present as in Rotor 37, and again bulges near where the tip vortex
and shock interact.
Again, the effects of the shocks and separations on the relative total pressure profiles
in Figure 6.16 are less readily observable than the tip clearance effects. Similarly to Rotor
37, the addition of shock and separation driven loss to the profiles mainly drives consistent
drops in relative total pressure across the entire blade span. Similar effects have been noted
for both Rotor 37 and Rotor 67. This effect is similar to that of a meanline loss model,
which is known to be relatively inaccurate due to the increase of shock loss with blade
loading. This strengthens the recommendation from the Rotor 67 analysis to consider loss
and blockage as a whole for these profiles (using this modeling methodology based on CFD
data) rather than attempting to derive decoupled models.

6.4
6.4.1

SMI
Fully Viscous CFD

SMI, being a more modern, low aspect ratio stage was expected to contain more complex
flow features than the other three geometries. The SMI flow field was indeed more complex in many aspects, though it was still possible to break down and analyze the various
flow features in the passage. Near mid-chord, the expected tip clearance flow was present,
though the stream of fluid seemed to expand and contract as it encountered a two-tiered
shock structure. After the flow decelerates fully downstream of the shocks, a tip clearance
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(a) Midspan

(b) Tip

Figure 6.19: Mach number contours at two spanwise locations for Stage 35 design point
showing shock structures.
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vortex is evident and does not fully mix before reaching the trailing edge. A separation
bubble also appears just upstream of the trailing edge, though seems to initially develop
above 50% span. Near the trailing edge, this separation spans most of the blade, with a
large region of low momentum fluid appearing at the corner of the blade suction side tip
and the casing. Throughout the rotor passage, a boundary layer along the hub is present,
through there seems to be a lack of separation regions near the hub, possibly as a result of
the SMI geometry being run with fillets.
Unlike Stage 35, the stator row for SMI did not contain an apparent vortex. Instead, a
small separation bubble appeared just upstream of the trailing edge, eventually joining with
the wake of the blade. Surprisingly, the presence of this separation was most apparent in the
CFD case with 11 k-planes and inviscid end-walls. In this case, a large separation bubble
appeared on the upper 50% span of the stator near mid-chord. It may be that the elimination
of end-wall viscous forces and the reduction of spanwise mesh resolution resulted in a
higher adverse pressure gradient in various regions of the stator flow field.

6.4.2

Inviscid End-Wall CFD

Similarly to Stage 35, the predominant flow features in SMI appear to be corner separations.
The corner separation appears near the casing in the stator row just upstream of the stator
mid-chord. The rotor corner separation also appears near the casing, in approximately
the same location as a tip clearance flow if the tip clearance were meshed. While the
rotor corner separation does not seem to develop beyond a corner separation, the corner
separation in the stator row seems to develop into a full separation bubble that extends to
approximately midspan on the stator blades. Just upstream of the stator trailing edge, a hub
corner separation also appears.
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(a) Mid-Chord

(b) Trailing Edge

Figure 6.20: Relative total pressure i-plane slices for SMI showing tip clearance flow and
hub separation.
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(a) Mid-Chord

(b) Trailing Edge

Figure 6.21: Relative total pressure i-plane slices for reduced k-plane SMI showing corner
separations.
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6.4.3

Stall Behavior

Compared to the other geometries, SMI has a considerably different design. This led to
the expectation that the flow field of SMI would be considerably different from the other
three geometries. While not entirely inaccurate, this expectation was largely incorrect. In
stall, the tip clearance vortex again appeared larger and more clearly defined that near design point. However, the overall vortex strength was still quite low even in stall, likely as
a result of the much smaller tip clearance gap in SMI compared to the other geometries.
Nonetheless, the vortex was larger in stall than at the design point, leading to a larger relative total pressure region near the casing as observed in the other cases. Another somewhat
strange result in SMI was the apparent shrinking of the separation regions. These separations were more localized than in the case near design point, though the overall blockage
associated with these regions did seem to still increase in stall. That is, while the flow did
not detach as readily in stall, the viscous effects of the boundary layers seemed to have
more impact on the flow through the blade row.

6.4.4

Loss Behavior

The loss behavior of SMI was largely similar to the other geometries, despite the large
differences in blade shape. The typical difference between the reduced k-plane and fully
viscous CFD in the casing region was still present (and requires no further discussion).
Outside of the end-wall regions, the loss profiles maintained a largely similar shape. However, unlike the other geometries, SMI showed a large jump in losses very close to hub.
This increase in loss can likely be tied to the fillets (as-run, present only in this geometry)
and the additional flow features tied to this geometric feature. Further investigation of the
flow in the hub region is necessary to determine the actual cause, as such a result may be
attributed to simple numerical errors.
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6.4.5

Tip Clearance Flow Analysis

SMI, despite having a radically different design compared to the other geometries, displayed similar results. However, Figure 6.22 shows a less linear trend in the development
of the pressure deficit region near the tip. Compared to the other cases, whose developments showed consistent trends through the blade, SMI shows a more severe growth in
the tip clearance flow region after the first three stations (between 40% and 60% chord).
After this point, the profiles appear to continue developing normally, suggesting this severe
increase in loss and blockage near the tip is likely due to a shock, separation, or similar
suddenly-encountered flow feature. The flow driving these profiles is shown in Figure 6.20,
which shows the tip clearance flow is clearly defined and relegated very close to the casing
near mid-chord. By the trailing edge, the low pressure region mixes more with the core
flow region, but still not to the same extent as the other geometries. The shape of the deficit
regions in SMI is also slightly different than those of the other geometries. Compared to
the other geometries, the minimum pressure in the deficit region is higher and tends not to
reach a sharp peak very close to the casing, instead smoothly reaching its minimum. This,
coupled with the fact that the relative difference between the minimum and the rest of the
profile is smaller for SMI, indicates that the blockage and loss for SMI is smaller than the
other geometries.

6.4.6

Separation and Shock Analysis

Compared to the other geometries, the recirculation regions for the SMI design point case
were quite small. However, the recirculation regions in SMI do not completely define the
regions of low momentum fluid. Negative axial velocity contours for the hub and midspan
show that there is some reversed flow mostly localized to the trailing edge of the rotor.
While this does not indicate a true separation, it does provide some insights into the behavior of the flow. In SMI, unlike the other geometries, the flow does not seem to fully
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(a) Reduced k-plane

(b) CFD

Figure 6.22: Comparison of relative total pressure profiles for the reduced k-plane and CFD
cases for SMI.
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detach and recirculate, and instead forms pockets of low momentum fluid that appear as if
the blade is casting a shadow. However, these regions have only minute regions of recirculation, if such recirculation exists. Due to the low overall presence of flow recirculation
in this case, the losses arising from such features are expected to be lower. The blockage
for SMI may be remain similar to the other cases if not higher due to its relatively small
passage cross-sectional area.
The stall cases for SMI showed only minor changes from the design point case. The
trailing edge recirculation near the hub is still present, though the recirculation near the
trailing edge at midspan is effectively gone. The separation near the tip is fairly similar
(this time shown with negative axial velocity). The disappearance of the separation near
the midspan trailing edge is likely due to the changes in flow features elsewhere in the flow
field driving the flow to remain attached near this spanwise location.
Compared to the other geometries, the Mach number contours for SMI appeared most
similar to Rotor 67. Near midspan, the shock structure consists of both a bow shock and
a passage shock similar to Rotor 67. In this case as well as Rotor 67, the passage shock
drives the separation of the flow rather than the impingement of the bow shock. This occurs
near 60% chord. Near the tip, the flow field of SMI is quite complex. The bow shock is still
present and bulges near the tip clearance vortex. A bow shock seems to appear downstream,
but only near the pressure side of the blade, as the tip clearance vortex prevents the shock
from spanning the entire passage. Downstream of this apparent fragmented shock, the low
momentum portion of the tip vortex is seen, along with an apparent separation that develops
in line with the seemingly interrupted shock. This implies that the passage shock may have
some effects across the entire passage that are not visible from the Mach number contours
alone. This results proves very similar to the results previously shown in the other three
geometries. The location of the shocks and separations drive larger decreases in the relative
total pressure profiles from 6.22 near the locations presented in this analysis. However,
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.23: Contours at three spanwise locations for SMI design point showing locations
of possible separations. Suction side on top, pressure side on bottom, passage outlet to the
right.
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(a) Axial velocity near hub

(b) Axial velocity near midspan

(c) Axial velocity near tip

Figure 6.24: Contours at three spanwise locations for SMI stall operating point showing
locations of possible separations. Suction side on top, pressure side on bottom, passage
outlet to the right.
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these effects are just as difficult to decouple as they were in the other three geometries.

(a) Midspan

(b) Tip

Figure 6.25: Mach number contours at two spanwise locations for SMI design point showing shock structures.
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6.5

Further Tip Clearance Analysis

In an effort to quantify the behavior of the pressure deficit regions of the profiles, some
parameters describing the casing region of the profiles were plotted against blade chord.
The first parameter is a maximum relative total pressure in this region scaled to the maximum relative total pressure near the casing at the leading edge of the blade. The second
parameter is the location of this maximum in percent span. Results were plotted for each
geometry at each operating point studied (design point and two points in stall).
Figure 6.26 shows the scaled magnitudes of the maximum relative total pressure for
each geometry and operating point. From these plots, it is difficult to make any general
conclusion about the behavior of the decay of the maximum relative total pressure through
the blade. While most cases appear to be nearly linear with respect to blade chord near
design point, this trend seems to break down for most cases in stall. Additional plots showing the change in the maximum pressure for every 10% change in blade chord provided no
additional insights or trend resolution. Despite the lack of consistent trends, it is at least
evident that the trend can be roughly approximated using a linear decay trend, which may
prove convenient if other geometries follow similarly nebulous trends.
Figure 6.27 shows the locations of the maximum relative total pressure for each geometry and respective operating condition. These plots are initial attempts at showing the
change in the extent of the tip clearance region as it develops through the blade. Again,
these plots show generally inconsistent trends, though some notable results are obtained.
Rotor 37 and Stage 35 display similar trends, as expected, though Rotor 67 and SMI also
show similarities. These trends are also fairly reasonable in magnitude. The trends in Rotor
37 show that the tip clearance flow region occupies more of the blade span compared to
Stage 35, which was expected based on both the profiles observed and the difference in
pressure ratio between the two geometries (aspect ratio is the same). A similar result is
noted for SMI relative to Rotor 67, which was not expected as these geometries share little
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(a) Rotor 67

(b) Rotor 37

(c) Stage 35

(d) SMI

Figure 6.26: Scaled magnitudes of relative total pressure with respect to streamwise blade
chord (20% intervals).
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to no similarities. It is likely that this result is a coincidence (for SMI and Rotor 67), as the
relatively small size of the blade in SMI may artificially inflate the size of the tip clearance
flow region relative to the overall blade span. However, despite some promising results, the
issue with the previous parameter persists with this analysis. The trends for the geometries
are generally inconsistent. Additionally, a linear trend no longer seems to be a valid approximation of the behavior for any of these trends. Plotting these trends such that the full
blade span is shown does make the trends appear more linear, though approximating them
as such is likely an unwarranted sacrifice of accuracy.

(a) Rotor 67

(b) Rotor 37

(c) Stage 35

(d) SMI

Figure 6.27: Locations of maximum relative total pressure with respect to streamwise blade
chord (20% intervals).
The next objective in analyzing these profiles was to produce some results more di134

rectly related to loss. To produce these results, the total loss in the region about 80% span
was calculated for each case to show how this average tip loss varies as a function of blade
chord. This loss was calculated relative to the blade leading edge, then integrated on an area
basis. This area averaged loss gives some indication of the development of tip clearancedriven losses through a blade along with the change in this loss behavior for stall operating
points. Figure 6.28 shows the resulting trends in average tip loss for each geometry and
operating point studied. As expected, all loss trends show increases through the blade as

(a) Rotor 67

(b) Rotor 37

(c) Stage 35

(d) SMI

Figure 6.28: Area-averaged loss above 80% span with respect to streamwise blade chord
(20% intervals).
the tip vortex region strengthens and drives increasingly higher losses and blockages near
the casing. For a few geometries and operating points, the loss near the trailing edge re135

mains mostly constant, implying a lack of major changes in the tip clearance flow region.
In general, the the design point case also shows the lowest overall losses, along with the
least severe increases through the blade. The stall cases, by comparison, show more severe
increases and have a higher overall loss than the other cases. This result, along with the
fact that Rotor 37 has the highest losses and most severe increases through the blade of any
geometry studied implies some relationship with the total pressure ratio. The results for
Rotor 67 in this case are likely incorrect due to an unknown error driving the relative total
pressure to rise through the blade passage below 60% span. This induces negative losses to
appear below 60% and likely creates errors even where the loss is positive near the casing.
While the loss trends above 80% span appear relatively similar to the other geometries,
these results were only included for completeness, and should not be considered accurate.

6.6

Discussion

The flow feature analysis was performed mostly as a way to further analyze the shapes of
the circumferentially averaged profiles from the CFD solutions. By extension, the resulting
profiles from the Dakota optimizations were analyzed as these optimization profiles were
optimized to the shape of these CFD profiles. Thus, understanding the impact of 3D flow
features on the 2D CFD profiles also helps explain the optimization profile shapes and
behaviors, though to a less accurate extent. The flow features investigated essentially affect
the profiles in two major ways for all geometries. The tip clearance flow (the vortex and the
surrounding low momentum flow) both drive a major relative total pressure deficit usually
above 80% span. This pressure deficit region reflects the high loss near the casing, which is
again present in the optimized loss profiles. This flow feature study also provides the vital
information about how the profiles vary through the blade, which the optimization could
not capture as NewtTS analysis mode files cannot have internal blade stations; only leading
and trailing edge stations are usable. Thus, the information about profile shapes, changes
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in profile shapes through the blade, and some general observations of changes in profile
magnitudes through the blade all provide a basis for off-design predictions. While not
based on a general model, these starter profiles and approximate relationships through the
blade can immediately be used to obtain some degree of improved accuracy in off-design
predictions in a code where such a capability is not currently implemented.
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Summary and Conclusions
This document presents the initial efforts to generate flow-feature specific models for a
2D compressor design code capable of using CFD data to predict off-design compressor
performance. Following a detailed mesh convergence analysis showing that the key flow
features of interest in predicting losses are sufficiently well-defined in the CFD studies
performed, some insights into the effects of these flow features on 2D profiles were made.
Using a combination of CFD cases and optimizations using NewtTS, key flow features
were correlated to blockage and loss behavior across the speed lines for four compressor
geometries. While no models were generated or implemented the work done as part of this
project forms the basis for the implementation of such models. The analysis, data, and past
attempts at generating meaningful descriptions of the various complex aspects of the flow
in transonic compressors will act as a springboard for future efforts in model derivation.

7.1

Impact

The optimized and circumferentially averaged CFD profiles provide good starting profiles
for off-design prediction capabilities. Since these profiles remained consistent between
the various geometries, the profile shapes could be applied with reasonable confidence to
other geometries. While the magnitudes of these profiles are likely not applicable, they
can likely still be used to yield some improvements to the off-design prediction methods
if scaled. Even without implementing an interface to utilize these results in NewtTS in an
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automated manner, these profiles can readily be used to improve the throughflow methods
in use. Furthermore, the understanding of the effects of the various flow features on the
2D profiles provides some basis for implementing future models in a simplified way. For
example, in all cases studied, the tip clearance flow drove the majority of the loss and
blockage above 80% span. Using this assumption and increasing the magnitude of the
loss profile in NewtTS may provide a simply-implemented means of improving the results
until a more permanent methodology is introduced. Similar methods can be applied to
the other pertinent flow features using the information from this study. In general, the
analysis methods used to obtain these results are general and well-documented, so they can
be applied to other CFD cases to introduce more data to be used in producing more relevant
model information. Finally, some blockage sweeping abilities in NewtTS were introduced
out of necessity for these analyses, which will provide a foundation to implementing more
accurate blockage sweeping abilities to the native code.

7.2

Future Work

With the analysis of transonic compressor flow features and their effects on 2D circumferentially averaged profiles documented in this report, a large portion of the foundation
for future modeling efforts has been laid. This information can be used for the next steps
in generating models for NewtTS. Since the behavior of key flow features with respect to
relative total pressure is now known, the next major step is to correlate these changes in
relative total pressure to loss and blockage. Loss calculations based on relative total pressure are already well documented in literature, along with consistent ways of calculating
blockage from CFD data. Once blockage and loss profiles are analyzed, some trends or
tables of data can be generated to define loss and blockage across speed lines for various
compressor geometries. These tables and functions can be implemented in such a way that
some geometric and aerodynamic design parameters are utilized to improve the behavior of
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the model for geometries outside those explicitly studied. The accuracy of the model itself
could also be improved by including the results from more CFD simulations for a wider
range of geometries, increasing the breadth of known effects of certain design parameters.
This behavior is already evidenced by the behavior of Stage 35 and Rotor 37 presented
in this report. The design of these blades is very similar in most aspects outside of pressure ratio, so the cases are generally straightforward to compare. It was observed that the
separation bubble on Rotor 37 was larger and developed earlier along the blade than on Rotor 35, showing the pressure ratio directly relates to the losses resulting from separations
(for blades of similar shapes). Furthermore, the higher pressure ratio in Rotor 37 seemed
to drive a larger, more organized tip clearance flow than what was observed in Rotor 35,
again indicating a dependency. While obtaining functional representations of the coupling
between various design parameters for a wide range of blades is likely prohibitively difficult (if not impossible), programmatic evaluations of such relationships independent of
known functional representations is still possible and intended for this particular situation.
Another requirement for future efforts is the implementation of some ability for NewtTS
to sweep blockages between stations. This feature is already planned, though the methods
used in this project provide a basic starting point for this sweeping ability.
This process will likely encounter similar roadblocks to the work completed so far.
Blockage calculations based on CFD data are especially prone to error, which was one
major limiting factor in the amount of analysis possible within the project’s time table.
Outside of calculating blockage in a reliably accurate way, the main issue will be choosing
and implementing models that work properly with NewtTS. This will likely be a smaller
roadblock compared to the blockage calculations.
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Appendix A - Sample Input Files
Listing A.1: Sample WAND input file for generating a mesh for Stage 35 with the finest
preset resolution. See the ADS Technical Reference for more information on the settings
used [34].
INTYPE,OUTYPE,IGRID,IAERO,ICLS,IWAL,IFAN, ILEO
-3
4
1
1
3
0
3
1
IBLD ,KSPAN ,OSNOD
-8
41
1
IUP ,IDW
,JMX
13
25
65
NFILES,IPLOT,NITER
2
1
8000
INPUT-NAME,
r35.agf
IDW
JPITCH
*IUP
45
20
65
s35.agf
IDW
JPITCH
*IUP
13
35
37

Listing A.2: Sample LEO input file for running a mixing plane case for Rotor 37. See the
ADS Technical Reference for more information on the settings used [34].
*RESTART-FILE-NAME
r37.REST
MPID
*NITER
6000
101
ITIME
*ITURB
1
0
0.0

PRUN
0
EMODEL
0

IPRT
20
IFAST
1

NIRST
1000
IGAMMA
0

IPLOT
1
IRUN
1

Listing A.3: Sample LEO input file for running a dual time-stepping time accurate simulation of Stage 35 (MPI setup is not shown for brevity). See the ADS Technical Reference
for more information on the settings used [34].
*RESTART-FILE-NAME
r35-P02.REST
*NITER, MPID, PRUN, IPRT, NIRST,
69120
101
3
20
100
ITURB,
ITIME,EMODEL,
IFAST,IGAMMA,
*
1
3
0
1
0

145

IPLT,
1
IRUN
0

INEW,
0

MMESH
0

Listing A.4: Sample Dakota input file used to produce the optimized speed line for Rotor
67. For more documentation on the usage of Dakota, see the Dakota User’s Manual [5].
# Dakota input file for gradient optimization with exterior marching
environment
tabular_data
tabular_data_file ’paramout.dat’
method
optpp_newton
gradient_tolerance = 1.e-12
convergence_tolerance = 1.e-15
max_function_evaluations = 1500
max_iterations = 100
model
single
variables
continuous_design = 33
descriptors
= [DATA]
initial_point = [DATA]
lower_bound
= [DATA]
upper_bound
= [DATA]
interface
fork
asynchronous
evaluation_concurrency = 22
analysis_driver = ’lora’
failure_capture recover = 1000 1000 1000 1000 1000
parameters_file = ’params.in’
results_file = ’results.out’
work_directory directory_tag
copy_files = ’templatedir/*’
# named ’workdir’ file_save directory_save
aprepro
deactivate active_set_vector
responses
objective_functions = 5
weights = 0.3 0.9 0.9 0.5 0.5
numerical_gradients
numerical_hessians
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Appendix B - Flow Feature Convergence
and Mesh Resolution Study
When working with CFD simulations and solutions, it is important to consider and understand the mechanics of discretization. Particularly, it is imperative to consider the effect of
the discretized grid on the solution’s accuracy. For any numerical solution, the goal of a
mesh convergence analysis is to show that the numerical solution is no longer dependent
on changing mesh resolution. Mesh convergence analyses can also be used to show that a
mesh is sufficiently converged for usage in other calculations, analyses, and conclusions.
For modeling, simple investigation of integrated quantities is insufficient. An investigation
of flow features will also be performed since the properties of the flow features will be used
extensively in model generation.

B.1

Motivation

Contemporary literature typically lacks a standardized or common method of showing
mesh convergence, especially for turbomachinery CFD analysis. In addition, these methods
usually focus on comparing integrated or averaged flow quantities, which do not preserve
errors due to the nature of integration. While such methods may be acceptable for certain
applications, by themselves, they are not sufficient for the development of off-design models. Since models represent physical flow features, integrated quantities are not a reliable
enough measure of mesh convergence. Instead, a greater focus was placed on evaluating the
properties of various flow features in addition to an error analysis of integrated quantities.
The flow features investigated were those that are commonly regarded as some of the
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most important in transonic compressor flow, particularly in the context of losses. The predominant loss source in any transonic compressor flow is shock loss [15, 37]. Thus, a major
focus of this mesh convergence study related to the strengths, locations, and orientations of
shocks. Likewise, tip vortices are major loss sources in transonic compressors. Thus, the
location and orientation of the tip vortex for each mesh was also of interest. Rotor wakes
are also relevant in losses, especially due to the effects they have on stators. So, conducting
an investigation of the rotor wake along with an entropy trace through the passage also
proved to be important to the mesh convergence study.

B.2

Methodology

Following the methodology of generating meshes using WAND presented in Section 4.1,
a series of meshes at different resolutions were generated for the mesh convergence study.
For Rotor 67 and Stage 35, six meshes were generated using WAND’s mesh presets. These
mesh presets are expressed in the form of a negative number ranging from -3 (the coarsest)
to -8 (the finest). For convenience, the negative sign will be omitted for this discussion
(mesh level 3 refers to setting -3 and so on). For mesh levels (defined by MBLD - see
ADS documentation for more information) 3 and 4, the tip clearance mesh was set to
the lowest resolution preset of 1. For mesh presets 5 and 6, the tip clearance resolution
was increased to preset 2. Finally, the tip clearance resolution setting was increased to 3
for mesh levels 7 and 8. To generate additional cases for comparison, some user-defined
mesh presets were used that produced finer meshes than level 8. These refined meshes
were produced using a simple but consistent method. Mesh parameters used by WAND
to generate meshes were taken from mesh level 8 and then scaled. Meshes were created
for scaling factors of 1.1, 1.2, 1.3 and 1.5 times the level 8 mesh parameters. All meshes
were also evaluated using the built-in mesh metric calculations in Tecplot. In particular,
cell volume, Jacobian, skewness, and aspect ratio information was generated. Figure B.1
for example shows the j-face Skewness histogram for Rotor 67. This histogram shows
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that the finer meshes create more points in lower bins, showing that the skewness for any
given cell is likely to decrease (improve) as the mesh is refined using the built-in presets in
WAND. Similar results were noted for aspect ratio and in the i and k directions. It should
be noted that uniformly scaling the mesh in some cases reduces the overall quality of the
mesh by worsening parameters like aspect ratio and skewness. This phenomenon is likely
the result of the fixed grid distribution imposed by WAND. Improper scaling methods, such
as uniformly scaling all parameters, will result in unwanted increases in aspect ratio and
skewness. This degradation in scaled meshes explains the occasional difficulty of obtaining
converged solutions for some cases. However, it also implies that if the flow features and
integrated quantities are nearly the same for the scaled meshes and the 8 preset, the flow
solution is mesh converged or nearly converged since the degradation will have had little
noticeable effect on the solution quality. Conversely, if it is shown the scaled meshes
produce vastly different results, these mesh metrics may be able to explain their poor quality
with a poor distribution of mesh metric information.

Figure B.1: j-face skewness for Rotor 67 showing a zero-focused distribution of mesh
skewness values that appears to improve as the meshes become finer.
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For each mesh for their respective geometries, the boundary conditions were kept the
same. The exit pressure was set such that the initial case for each mesh was near the design
point for the rotor or stage in question. This peak efficiency point was then marched toward
stall using ADS Workbench’s speed line generator to obtain a solution at a near-stall point
for additional comparison. These peak efficiency and near-stall points were then used in
an error calculation using the absolute error in integrated quantities relative to the highest
converged mesh level including scaled meshes. However, additional treatment was required
to obtain quantitative and qualitative results for the flow feature comparisons.

B.2.1

Integrated Quantities

Obtaining error plots for integrated quantities followed a simple methodology that was
tailored to the output files of LEO. The main focus of this analysis required the use of
LEO’s convergence files, which present meanline information to show the convergence
history of the simulation. By taking the data from the last iteration for each mesh, meanline
(integrated) data was compiled for each mesh to be used in the error plots. While integrated
quantities are not the main focus of this mesh convergence study, they are included to show
that the case is converged from a more standard point of view, since contemporary literature
tends to focus on these integrated quantities. They will also be used to show that while the
integrated quantities may have converged, the flow features may not have, reinforcing the
need for a flow feature-focused mesh convergence study.

B.2.2

Shock Structures and Strengths

To compare shock structures, k-slice (spanwise) Mach contours were generated for NASA
Rotor 67 and NASA Stage 35. Contour lines were generated for M = 1.25 for Rotor 67
and M = 1.3 for Stage 35. The contour lines were then extracted as TecPlot finite element
data so that it could be more exhaustively compared using existing and generated Python
utilities. For the bow shock, the shock angle relative to the blade was compared for each
mesh. For the normal passage shock (not present in stall), airfoil loading data was used
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to compare the location of the shock and shock strength based on the pressure coefficient
data.
Comparing the bow shock angles for each case was more involved than initially implied. TecPlot finite element zones only provide information about which nodes on a grid
are connected. It does not provide a simple method of curve fitting or other more complex
data analysis methods. Thus, additional Python utilities were generated to parse the finite
element data, form it into continuous lines, and then map the x, y, and z locations from the
associated data to those line segments. This mapped data was then split near the leading
edge of the blade using a camber line extended through cubic extrapolation to separate the
bow shock into suction side and pressure side parts. A linear curve fit was then applied to
these individual pieces of the shock data to obtain more quantitative properties describing
the bow shock. In cases where the bow shock was coalescing with the passage shock, a linear fit was still used despite sometimes producing poor RMS error results for consistency.
The slope of the linear fit was then used to calculated an angle to determine the error with
respect to the finest mesh.
Analysis of pressure envelopes for the various meshes and geometries facilitated the
analysis of passage shock position and strength. Since the loading data is already provided
in the form of simple 2D plots, straightforward point probing was used to quantify shock
location and strength. However, shocks do not appear as perfect discontinuities in CFD
data. Thus, comparing the strength of shocks with finite, measurable thicknesses required
some more complex methods than simply fetching data upwind and downwind of the shock
(which is not available in the loading files to begin with). Due to the nature of numeric
solutions, it is also impossible to say that the true shock thickness is what is derived from
the pressure coefficient plots. Rather, the shocks shown on these plots can only be said to
represent the approximate location of the shock.
The following methodology was developed to compare the representative (not true)
locations and strengths of the passage shocks. The loading data was used to obtain slopes
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of pressure coefficient between the shock start and end points which was then used to find
the corresponding location along the blade. In the current work, the passage shock was
defined using two simple quantities derived by taking the first derivative of the coefficient
of pressure along the airfoil. Using this derivative (found using Numpy’s gradient function), the maximum slope of the suction and pressure side curves and their corresponding
locations on the airfoil were obtained independently. These metrics provide some insight
into the location of the shock and without requiring additional solution data. To determine
the shock strength, point probing was used. Using the solution data for each mesh loaded
into TecPlot, various physical quantities were obtained at consistent locations upstream and
downstream of the shock near mid-passage. This provided a means by which to compare
the total pressure and temperature ratios across the shock, which is a standard measure of
shock strength.

B.2.3

Vortex Core Trajectories

TecPlot offers the ability to generate vortex core line segments for a given 3D CFD solution,
which can then be written out as finite element data. A similar methodology to the shock
contour lines was used in a Python script to connect line segments that share endpoints and
then map coordinate data to the resulting lines. For each geometry, trajectories directly
above the tip of the blade were ignored so that only those from the tip edge into the core
flow region were considered. In all cases investigated, this vortex core trajectory was almost
perfectly linear, so a linear curve was fit to the data such that only the tip vortex was
included in the curve fit. Similar to a standard error analysis for integrated quantities, the
slopes, intercepts, and angles relative to the blade’s camber line near the leading edge were
plotted to show that the values were converging as the mesh was refined. Furthermore,
entropy values were interpolated onto the vortex core trajectories in TecPlot so that the
mean entropy in the vortex core could also be calculated and compared for the various
meshes.
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B.2.4

Wakes

Qualitative and quantitative analyses of the rotor wakes were also conducted to show mesh
convergence. Using the outlet plane of the rotor passage extracted using TecPlot, a python
utility was developed to extract data relevant to wake analysis. At various spans, lines were
isolated from this plane to trace various flow quantities across the outlet of the rotor. In
particular, entropy and Mach number plots were generated at 10%, 50% and 70% span.
However, it was noted that the 70% span case included too many end-wall effects and was
discarded for the sake of this error analysis. By dividing the Mach number and entropy
distributions over the outlet by the maximum value of the respective distribution, the wakes
were made to vary between 0 and 1, allowing for more consistent comparisons to be made,
especially between geometries. After the wakes were scaled, means were calculated for
use in determining where the main peaks or troughs were in the wakes. These resulting
clipped wake peaks and troughs were then numerically integrated to find wake depth. The
accompanying locations of the troughs was logged for plotting. Furthermore, the mean
value was also used to determine the extents of the wakes by array analysis and index
lookups in Python. These parameters were then plotted against the number of mesh nodes
on a logarithmic scale to show the change in error as the mesh was refined.

B.3

Results

Following the establishment of methods to evaluate the various meshes, all necessary simulations were run and post-processed. This section details the results of the mesh convergence study beginning with the integrated quantities of a typical mesh convergence study,
and then moving to the flow-feature focused analyses.

B.3.1

Integrated Quantities

Error plots were generated for the six mesh levels for Rotor 67 and Stage 35. In the case
of Rotor 67, the error plot implies that some of the solutions were not carried for enough
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iterations to be considered iteratively converged. This shows the need for some way to
define iterative convergence for each case, as discussed in the following section. Figure
B.2 shows the error plot for the six meshes of Rotor 67. This plot shows that mass flow
and efficiency fluctuate more than expected for a typical error plot. However, the total
temperature and pressure ratios show good convergence. Since efficiency is related to
mass flow, this shows that the difference between the inlet and outlet mass flow rates is not
following the expected convergence trend. This was determined to be the fault of numerical
errors among other factors since iterative convergence effects were eliminated as possible
causes by the iterative convergence study in the next section.

Figure B.2: Absolute error plot for Rotor 67 using meanline information.
The error plot for Stage 35 is shown in Figure B.3. At first glance, this error plot
seems to have good behavior as the mesh is refined. However, since a mesh finer than mesh
8 does not exist (for reasons discussed in the meshing section), it cannot be said that the
behavior shown will hold for finer meshes. If the end behavior improves or stays the same,
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then it can definitely be said that the solution is sufficiently mesh independent for integrated
quantities. In particular, the mass flow and efficiency show better results than those shown
in Figure B.2.

Figure B.3: Absolute error plot Stage 35 using meanline information.

B.3.2

Shock Structures and Strengths

The shock structure analysis in this section is best understood with midspan k-slices showing Mach contours for a single blade passage. A brief analysis of these contours is included
mostly to frame the following analysis and bring attention to certain key aspects of the flow
field. Figure B.4 shows the Mach contour for Rotor 67 near midpsan for mesh 8. Just upstream of the left side of the blade (the leading edge in this Figure), a bow shock is present.
This bow shock is also shown to impinge on the blade below just downstream of the middle
of the blade. At this point, a normal shock is also present, shown by the decrease in Mach
number from supersonic to subsonic values. For the sake of the convergence analysis, the
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slope of the bow shock for each mesh will be compared, along with the location of the normal shock (using arclengths). The strength of the normal shock was also estimated using
mid-passage total pressure and temperature ratios across the shock.

Figure B.4: Mach contour for Rotor 67 near midpsan.
Figure B.5 shows a midpsan k-slice Mach contour for Stage 35 (only the rotor is
shown, but the case was run with the stator). This contour shows a distinct bow shock
upstream of the leading edge, as expected. However, unlike Rotor 67, the passage shock
is coalescing with the bow shock near where it impinges on the adjacent blade. A second,
much weaker passage shock appears to be present downstream of the main normal shock
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of interest, which is caused by the narrowing of the passage resulting from the separation
caused by the bow shock impinging on the blade. Due to the inconsistent location (or
appearance) of the passage shock and the bow shock impingement point, the normal shock
strength was measured as total pressure and temperature ratios using points upstream and
downstream of the coalesced bow shock/passage shock structure. This is not indicative of
the true normal shock strength, but is being used as a criteria to measure mesh convergence,
not to quantify losses.

Figure B.5: Mach contour for Stage 35 near midpsan (rotor only).
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Comparisons of the bow shocks for various meshes for NASA Rotor 67 and NASA
Stage 35 show the convergence of bow shock location and angle. Figures B.6 and B.7 show
the bow shocks plotted in x-rθ coordinates for Rotor 67 and Stage 35, respectively. The
dash-dot lines in Figures B.6 and B.7 represent extended blade mean camber lines used to
split the bow shock into suction and pressure sides for simpler analysis. In these figures,
neither the extended camber line nor the bow shocks represent true physical quantities. The
blade obviously should not extend through the bow shock, and the bow shocks themselves
are simple isolines generated for specific values of Mach number. Qualitatively, as the mesh
is refined, the bow shock converges in both location and angle. In Stage 35 in particular, the
end of the bow shock on the pressure side of the blade begins to bend as it reaches the blade
below, shown on the right side of Figure B.7. This is caused by the normal passage shock
coalescing with the bow shock, and is not properly captured in mesh settings below mesh
7. Between the other mesh levels, the normal shock location appears to move. Determining
whether this change in location is due to the mesh resolution or a result of using a steadystate methodology is best done using the airfoil loading data, shown later in this section.
Considering the contour lines were all extracted at a single Mach number, this shows that
the flow field is changing less as the mesh is refined. Since the bow shock location does
not change noticeably between mesh levels 7 and 8, this suggests that the usage of mesh
level 8 for all cases may be sufficiently converged. Conversely, meshes 3 and 4 are quite
poor in both capturing the passage shock and maintaining a reasonable shape for the bow
shock itself. Major oscillations in the data are present in these two mesh levels, and begin
to subside in meshes 5 and above. It is unknown if this oscillation is due purely to the
coarseness and mid-passage skew of the meshes, or if some interpolation issues in TecPlot
present themselves on coarse meshes.
For Rotor 67, mesh 3 is still relatively close to the rest of the meshes, though the
concavity and end behavior is very different. Mesh 4’s contour brings the central regions
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Figure B.6: Shock contour data plotted relative to blade mean camber line for Rotor 67.

Figure B.7: Shock contour data plotted relative to blade mean camber line for Stage 35.
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closer to the finer meshes, but suffers from the same end behavior issues as mesh 3 with
the addition of a hook where the Mach number is higher than expected, leading to a likely
non-physical result. Beyond these particularly problematic meshes, the solutions show
good agreement. Unlike Stage 35, the end behavior is relatively unaffected by the passage
shock, and the pressure side of the bow shock seems to converge to a single position on
much coarser meshes compared to Stage 35.
Qualitative results by themselves are not sufficient for making conclusions regarding
which mesh level to use for all geometries. Thus, the methodology presented in the previous section was developed as a means to study the effect of refining the mesh on the shape
and location of the bow shock.
As an example, the results for linear curve fitting for both sides of the shock are shown
in Figure B.8. This shows that some important shaping characteristics of the shock are lost
when applying a linear fit as expected, though the overall slope of the line presents some
grounds to make a comparison. Using standard error analysis methods, error plots relating
the absolute error in the slopes and intercepts of the lines (relative to the finest mesh) and
the number of nodes in the mesh were generated for the two geometries. These error plots
are shown in Figures B.9 and B.10.
Figure B.9 shows no major declining trend in the error with increasing number of
nodes. This implies that adjusting the mesh quality does not have a great effect on the resolution of the bow shock beyond the coarsest meshes. This is most easily attributed to the
overly simplistic means of measuring mesh convergence for this case. However, the curve
fit residuals both appear to be trending toward specific values, showing that the quality of
the linear fit is remaining roughly constant as the mesh is refined. This implies convergence,
though more evidence is necessary to make a definite conclusion. Conversely, Figure B.10
shows a smooth decreasing trend for most quantities. The angles in particular seem to be
decreasing at a relatively constant rate, indicating that the flow feature is converging as the
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Figure B.8: Example two-sided curve fit for mesh level 8 on Rotor 67. The blank area
between the two lines arose from the method used to split the lines, but is unimportant for
this analysis.
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Figure B.9: Absolute error in isoline angles and curve fit residuals versus number of mesh
nodes for Rotor 67.

Figure B.10: Absolute error in isoline angles and curve fit residuals versus number of mesh
nodes for Stage 35.
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mesh is refined. Since the line between meshes 6 and 7 (on the leftmost side of the plot)
indicates a strong downward trend, the quality of mesh 8 is tentatively reinforced.
Similar error plots were obtained for the passage shocks present in the geometries
through the methodology provided in the previous section. By finding the location of the
largest slope (omitting leading and training edge peaks), a reasonable comparison between
the shock strengths was obtained for the various meshes. Since the bow shock has already
been sufficiently investigated, suction side error plots will not be shown since the shock
most obvious on the suction surface is the bow shock impinging on the blade. Instead,
results from the pressure side will be discussed, since the bow shock does not impinge on
this portion of the blade. Thus, a relatively large increase in pressure coefficient, temperature, and decrease in Mach number on the pressure side of the airfoil is assumed to be
the passage shock. To this end, LEO’s airfoil loading files were used to create plots of the
pressure coefficient along the airfoil at 5 spanwise locations for each mesh. For brevity and
readability, only the plot of pressure coefficient at 10%, 50%, and 90% for mesh level 8 is
shown in Figure B.11. A similar plot for Stage 35 showing pressure coefficient at the same
3 spanwise percentages is shown in Figure B.12.
In Figure B.11, two shocks are quite clearly present at 50% and 90% span on both
sides of the central spike. The left side of the figure represents the pressure side of the
airfoil, and a shock is present at mid-span and near the end-wall near s = 3. On the suction
side, shown on the right side of the central spike in the figure, a shock is captured near
s = 6 for midspan, and s = 7.5 near the end-wall. The pressure side shock near the leading
edge of the blade is the normal passage shock, whereas the suction side shock is the bow
shock impinging upon the blade near the trailing edge. However, only the passage shock is
of interest in the present analysis. Figure B.12 also shows the passage shock near s = 1.5
in addition to the impinging bow shock/normal shock system ranging between s = 3 and
s = 4.5.
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Figure B.11: Pressure coefficient at 3 spanwise location with mesh level 8 for Rotor 67.

Figure B.12: Pressure coefficient at 3 spanwise location with mesh level 8 for Stage 35.
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The resulting error plot for the pressure side is shown in Figure B.13. Figure B.13
shows a fairly strong downward trend for all meshes except mesh 7. This shows that the
error is indeed decreasing as the mesh is refined, to a point where further refinement seems
to have little effect. However, more information is necessary to buttress this claim. Figure
B.14 shows a similar error plot for Stage 35. In this case, the plot again shows a downward
trend, though exhibits some unexpected behavior for coarse meshes evidenced by the large
increase in error on the right side of the figure.

Figure B.13: Error as a function of mesh nodes for normal shock in Rotor 67.
Due to the relatively low quality of the trends presented in these error plots, additional
error plots comparing the total temperature and pressure ratios for the meshes for the two
geometries were also generated. Figure B.15 shows the results of this additional analysis for Rotor 67. Both total pressure ratio and total temperature ratio display very good
downward trends as the number of nodes is increased. Figure B.16 shows that this trend
also occurs for Stage 35, indicating that the location and strength of the passage shocks for
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Figure B.14: Error as a function of mesh nodes for normal shock in Stage 35.

both Rotor 67 and Stage 35 are converging for finer meshes. Combined with the results of
the bow shock analysis, this shows quite conclusively that the shock structure for the two
geometries are mesh independent for mesh 8, or at least in an asymptotic range, indicating
mesh 8 is sufficiently converged for use in loss analysis.

B.3.3

Vortex Core Trajectories

Qualitative results from the vortex core trajectory study were more extreme. In Rotor
67, the vortices were only present in mesh levels above 5. Mesh levels 3 and 4 failed
entirely to capture the vortex, they can be immediately dismissed from consideration for
usage in the loss study. This was already the expectation, though this qualitative result
conclusively shows that mesh levels 3 and 4 are simply insufficient in separate treatment of
loss sources. However, the resulting vortex core trajectories for the remaining meshes were
nearly indistinguishable without quantitative analysis. Figure B.17 shows the simplified
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Figure B.15: Error in shock strength metrics for Rotor 67.

Figure B.16: Error in shock strength metrics for Stage 35.
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vortex cores used in the qualitative analysis for Rotor 67. Likewise, Figure B.18 shows the
vortex core trajectories for Stage 35.

Figure B.17: Qualitative vortex core comparison for all mesh sizes for NASA Rotor 67.
Vortex core quantitative analysis was inconclusive relative to the qualitative analysis.
Qualitative analysis showed the the vortex cores were already quite close (disregarding
mesh levels 3 and 4), so the quantitative analysis was expected to show similar results. This
was indeed the case. Figure B.19 shows the vortex cores for each mesh with corresponding
linear curve fit. Similarly, Figure B.20 shows the linear curve fit vortex core trajectories for
Stage 35. Note that Figure B.19 does not show Meshes 3 or 4 since the vortex cores were
not present in these cases.
To show how closely the results agree between meshes, a standard error plot was
generated for each case. Ideally, these plots would show a decrease in the error in the angle
as the mesh is refined, but as Figures B.21 and B.22 show, this was not the case. However,
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Figure B.18: Qualitative vortex core comparison for all mesh sizes for NASA Stage 35.

Figure B.19: Curve-fit vortex core comparison for all mesh sizes for NASA Rotor 67.
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Figure B.20: Curve-fit vortex core comparison for all mesh sizes for NASA Stage 35.

the mean entropy metric shows slightly more promise in indicating that the error is overall
decreasing as the mesh is refined, but the plots show that such a conclusion is still quite
weak. It also cannot be conclusively said that these plots show that the solution is in an
asymptotic range. However, calculating the mean and standard deviation of the angle of
the trajectory provides some insight into just how close these values are. For Rotor 67,
the mean angle was -1.0275, while the standard deviation was 0.00173. This means the
standard deviation is roughly 0.2% of the mean, showing that the vortex core trajectories
for Rotor 67 are effectively converged. For Stage 35, the mean was found to be 0.627 with
a standard deviation of 0.0848. The standard deviation in this case is around 13.5%, which
is well outside an acceptable tolerance. Since the vortex core trajectories are not converged
for both geometry cases, no qualitatively supported conclusions can be made (the results
must be general). Thus, the vortex core study cannot be used to eliminate any mesh levels
besides meshes 3 and 4, which were eliminated based on qualitative results.
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Figure B.21: Resulting error plot for Rotor 67 based on intercept and angle with respect to
blade incidence near tip.

Figure B.22: Resulting error plot for Stage 35 based on intercept and angle with respect to
blade incidence near tip.
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B.3.4

Wakes

Following the methodology presented in the previous section, some qualitative and quantitative results were generated comparing the wakes between various meshes. Qualitative
results showed similar outcomes to the results of the other flow feature mesh convergence
studies. The locations, depths, and extents of the wakes for each geometry were relatively similar, qualitatively speaking. However, for Stage 35, the entropy outside of the
wakes across the tangential direction for meshes 7 and 8 were very different from the other
meshes. The cause of this is unknown, but seems to have negatively affected the error
plots. These qualitative comparisons are shown in Figures B.23 and B.24 for Rotor 67 and
Stage 35, respectively. These plots were generated for a single point near midspan for both
entropy and Mach number, which showed similar results.

Figure B.23: Qualitative comparison of wakes for Rotor 67. Note that the quantity plotted
S
is 1 − Smax
.

172

Figure B.24: Qualitative comparison of wakes for Stage 35. Note that the quantity plotted
S
is 1 − Smax
Plots comparing the wake depths and extents at various spanwise locations were generated using the methodology presented in the previous section. However, as Figure B.25
in particular shows, these plots do not show a clean decrease in error as the meshes are
refined. This is similar to the issues encountered with the vortex core trajectory analysis.
From a qualitative perspective, the wake plots looked very similar for these meshes, so the
quantitative results were expected to reflect this. The seemingly random variations in the
error plots can be attributed to one of two sources. First, the variations could be due to
there being no clear correlation between the wake parameters studied and the mesh quality.
This is highly unlikely. The second possibility is that the wakes were already relatively
converged even on the more coarse meshes, and thus no major improvements could be observed when the mesh was refined. This is the more likely explanation and was similar to
what is most likely to have occurred with the vortex core trajectories as well. However,
this assessment cannot be proven without showing the meshes are improving for a different
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flow feature of interest. For the plots that show constant error outside of a sharp decrease
in error for mesh 7 like Figures B.28 and B.27, this is due to the scaling issue created by
the apparent difference in average entropy at the outlet between the fine and coarse meshes.
Since total error is calculated relative to mesh 8, the error in all quantities other than those
derived from mesh 7 remain quite high.

Figure B.25: Resulting error plot for Rotor 67 at 10% span for wake depth and extents.

B.4

Iterative Convergence Study

As part of the mesh convergence study, an additional investigation of the iterative convergence of the simulations was also conducted. This investigation was a relatively minor
piece of the mesh convergence study, and was done to show that the simulations run reached
a sufficiently large number of iterations to be considered converged, iteratively speaking.
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Figure B.26: Resulting error plot for Rotor 67 at 50% span for wake depth and extents.

Figure B.27: Resulting error plot for Stage 35 at 10% span for wake depth and extents.
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Figure B.28: Resulting error plot for Stage 35 at 50% span for wake depth and extents.
While LEO already provides an assortment of convergence history plots, these plots alone
were deemed insufficient for this convergence investigation. For a more comprehensive
methodology, similar methods to time-dependent convergence investigations was adopted.
In cases where the inlet and outlet mass flow rates were noticeably periodic, a Fourier
Transform was applied to glean the important frequencies in the oscillation so a single period average could be conducted. These pseudo-time-averages were then compared at the
inlet and the outlet to obtain an absolute difference in the mass flow rates. If the difference
in the mass flow rates was less than 0.1% of the mean of the two flow rates, then the solution was considered converged. Furthermore, the root mean square (RMS) error values in
velocities and density were also considered in this investigation. To remain consistent with
the flow feature convergence study, Rotors 67 and 35 were used again in this investigation.
Furthermore, the geometries were considered both near design point and near stall.
RMS error data is provided in the convergence history data files written by LEO during
and after the simulation. Simple plots were generated from these RMS values to show
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the behavior of the solution residuals as the simulation progressed. Figure B.29 shows a
comparison of the coarsest and finest meshes near design point in terms of RMS error. It
should be noted that the fine mesh was run from an already completed simulation, and thus
did not have large transients in the residuals toward the beginning of the simulation, unlike
the coarse mesh, which shows very large asymptotic tendencies at the initial iterations.
If the coarse mesh plot was zoomed to a similar window to the fine mesh case, the plot
would appear very similar to the fine mesh plot and would include a number of periodically
varying steps. In these cases, the steps are due to the decimal accuracy written to the
convergence files, and not actually representative of the actual variations in the error.

(a) Mesh 3 design point RMS error

(b) Mesh 8 design point RMS error

Figure B.29: RMS Errors for two meshes for Rotor 67 near design point
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Figure B.30 shows the RMS error plots for Stage 35 near design point. Again, there
are step variations present due to the 4-digit decimal accuracy printed to the convergence
files, but the overall trends of the plots show good convergence trends for both cases. In
these cases again, mesh 3 was converged from scratch, whereas the fine mesh case was
converged from a previously converged case, hence the extreme differences in error magnitude. Similarly to Rotor 67, zooming the coarse mesh plot to show the minute variations
would make the plot appear similarly to the fine mesh case. The most important information to glean from these plots is that the RMS error for both the cases and meshes is
trending toward zero as the solution progresses.

(a) Mesh 3 design point RMS error

(b) Mesh 8 design point RMS error

Figure B.30: RMS Errors for two meshes for Stage 35 near design point
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For the near stall points, the convergence trends were also good. The decimal inaccuracy still pervades, but without direct access to the code that writes the convergence files,
this cannot be adjusted or improved. These cases were also run using a previous case with
slightly lower back pressure, hence the lack of large transients in the RMS trends at low
iterations. This is partly the reason the built-in speed line generator in ADS workbench was
useful in reducing the time necessary to obtain speed lines for the various geometries and
meshes.

(a) Rotor 67 near stall RMS error

(b) Stage 35 near stall RMS error

Figure B.31: RMS Errors for mesh 8 near stall
As discussed in the introduction to this section, a Fourier Transform-based methodology was adopted for determining mass flow convergence. This method was only applied
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to cases with obvious periodicity in their mass flow rate convergence history plots. For
brevity, only the convergence plots for Rotor 67 near design point will be presented here.
Figure B.32 shows the full and truncated convergence histories for Rotor 67 near design
point for the mesh 8 case. The convergence trend for the downstream flow rate shows a
vaguely sawtooth pattern with an amplitude of approximately 0.1 lbm/s. The upstream
station shows some periodicity, but its magnitude is much less pronounced. Figure B.33
shows the Fourier Transform plot for the two stations. For the average, the frequency with
the highest corresponding magnitude was chosen as the frequency at which to average. The
number of iterations corresponding to this frequency was calculated, and then the arithmetic
mean of one period was calculated. For each case, the difference between the upstream and
downstream flow rates was calculated and compared to the average of the two flow rates.
For all cases, the result was a difference of less than 0.1% of the mean, indicating that all
cases were sufficiently converged. Table B.1 shows the mass flow convergence data for the
two geometries near stall and near design point. Most of the percent differences were on
the order of 0.01, with some being on the order of 0.001. This shows that these cases, often
approximately 6000 to 12000 iterations (6000 for mesh 3 isolated rotor cases to 12000 for
mesh 8 single stage cases), are sufficiently converged.

B.5

Conclusions

Based on the vortex core trajectory analysis, mesh levels 3 and 4 can immediately be omitted from consideration. The degradation in mesh quality with scaling shows that developing
more refined meshes is not trivial. Considering this is not of direct interest to the current
work, the finest built-in mesh available will be used for all simulations. The mesh convergence study qualitatively shows that there is a moderate change between meshes 6 and 7,
and very little change between meshes 7 and 8 for all analysis points. Quantitatively, the
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(a) Full convergence history

(b) Trend for last 3500 iterations

Figure B.32: RMS Errors for mesh 8 near stall
Table B.1: Mass flow convergence information for the two investigated geometries.

Rotor 67 Mesh 8
Near Stall
Rotor 67 Mesh 8
Design Point
Rotor 67 Mesh 3
Design Point
Stage 35 Mesh 8
Near Stall
Stage 35 Mesh 8
Design Point
Stage 35 Mesh 3
Design Point

Upstream
Mean
(lbm/s)
72.1190

Downstream
Mean (lbm/s)

In/Out Difference
(lbm/s)
0.0117

Percent Difference (%)

72.1073

Overall
Mean
(lbm/s)
72.1132

74.9550

74.9464

74.9507

0.0086

0.0115

75.2974

75.2961

75.2968

0.0013

0.0017

44.9232

44.9264

44.9248

0.0032

0.0071

46.3038

46.3071

46.3055

0.0033

0.0071

46.1986

46.1758

46.1872

0.0228

0.0494
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0.0162

Figure B.33: Spectral plot from Fourier analysis
absolute error in the quantities used to quantify the flow features tended to decrease as the
mesh was refined. The bow and passage shock analysis was also shown to conclusively tend
toward convergence as the meshes were refined. Since shock losses are the predominant
loss sources in transonic compressors, this implies that mesh 8 can be considered sufficiently converged so that solutions on this level of mesh are considered mesh-independent.
As such, mesh 8 will provide good results for model generation, since the physics of the
flow field are shown to be mesh-independent.
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